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Abstract
This thesis deals with the synthesis of hydrogen-bonded networks, molecular 
polygons and coordination networks using two different classes of nitrogen containing 
ligands and transition metal ions or complexes.
The first part of the thesis describes the use of 4,7-phenanthroline, 1, as a ligand 
in coordination chemistry. Coordinating 1 directly to transition metal ions, a series of 
coordination polymers and networks, 2-4, 6 and 7, were synthesized and their structural 
features studied. Utilizing 1 as a hydrogen-bond acceptor, a series of second-sphere 
hydrogen-bonded networks were synthesized, 9-14, and their structural features and 
thermal behaviour studied. Finally, a series of mixed first- and second-sphere 
coordination polymers 16-20 were synthesized employing 1 and their structural features 
and thermal behaviour studied.
The second part of the thesis involves the synthesis and characterization of 
discrete molecular polygons, coordination polymers, and networks with 2,2’-bipyridine 
based ligands. These new ligands each possess external donor groups (pyridyl or cyano) 
or atoms (N) which were capable of extending the simple chelate complex resulting from 
2,2’-bipyridine into a multi-metallic system; either by aggregation or polymerization.
When the substitution of the 2,2’-bipyridine unit was in the 5-position, three 
different polygons, 25-27 and 32, three polymers 28-29, 33, and a 2-D coordination 
network, 34, were synthesized and their structural features studied. When the chelate was 
substituted in the 6-position, two different of structures result, discrete molecular dimers, 
38-40 and 42-47, and a coordination polymer, 41. Finally, when substitution occurred in
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
the 4-position, coordination polymers, 53-54, 2-D networks, 55 and 57, and a 3-D 
diamondoid network, 56, can be synthesized. Additionally, when the asymmetric version 
of the 4-substitiuted ligand was coordinated to an octahedral metal ion, fac- and mer- 
isomers 58-60 resulted. In the case of the Ru(II) complex, 60, these geometric isomers 
were separated by preparatory TLC and isolated.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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1Chapter 1: Introduction
1.1 Supramolecular Chemistry
Like any other field of science, supramolecular chemistry has roots that extend 
into the past. In 1893, Alfred Werner introduced the notion of coordination by realizing 
“selected fixation requires interaction” Around the same time in 1894, Emil Fischer 
realized that binding must be selective. Based upon this knowledge he introduced the 
famous image in supramolecular chemistry of the “lock and key” mechanism, laying the 
framework for molecular recognition.2 Finally in 1906, Paul Ehrlich introduced the 
concept of the “receptor” where he recognized that “molecules do not act if they do not 
bind”? These concepts laid the foundation for supramolecular chemistry to grow into a 
vastly expanding area of chemistry.
In 1987, the field of supramolecular chemistry was awarded the Nobel Prize in 
chemistry. This prize was shared by three individuals “for their development and use of 
molecules with structure-specific interactions o f high selectivity”; Jean-Marie Lehn, 
Donald Cram,5 and Charles Pedersen.6 All three have made significant contributions to 
this emerging field of chemistry. Jean-Marie Lehn earned the award for his work with 
cryptands, Donald Cram for his work with host-guest complexation, and Charles 
Pedersen for his work with crown ethers.
According to Jean-Marie Lehn, supramolecular chemistry can be defined as “the 
chemistry o f molecular assemblies and o f the intermolecular bond”. However, this 
expression may also be defined as “the chemistry beyond the molecule. To be very
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specific, supramolecular chemistry is the chemistry' o f the non-covalent bond and involves 
some type of non-covalent interaction between two chemical species to generate a larger 
host-guest supermolecule. These interactions include, but are not limited to ion-dipole 
interactions, dipole-dipole interactions, hydrogen-bonding, and n-n  stacking interactions 
and are schematically shown in Figure 1.1.7 These interactions have energies which 
favour the complexation of separate entities; these energies are summarized in Table 1.1. 
Molecular recognition, upon which these interactions are based, is the coming together of 
molecules in a specific manner. Recognition is binding with a purpose, for example, a 
receptor8 is a ligand with a purpose.
a)
c) O— H- - - 0
E~ i V R
0 - — H— O
b)
R %  u  5
RP* c = o -
d)
I
0  5'
....... .C
4 kRX R
Figure 1.1. Various supramolecular interactions: a) ion-dipole, b) dipole-dipole, c) 
hydrogen bonding and d) tz-k stacking (edge to face and face to face).
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3Table 1.1. Energies of Supramolecular Interactions7
Interaction Energy (kJ/mol)
Ion-dipole 50-200
Dipole-dipole 5-50
Hydrogen bonding 4-120
Cation-Tt interactions 5-80
7t-7t stacking 0-50
Van der Waals forces <5
1.2 Metal-Ligand Self-Assembly
In general, self-assembly is the spontaneous association of various molecules into 
a structurally well defined supermolecule resulting from favourable interactions between 
these molecules. 9 In the realm of inorganic coordination chemistry, metal directed self- 
assembly is defined as the spontaneous generation of metallo-supermolecules from 
suitably designed ligands and metal ions. The formation of programmed supramolecular 
arrays of ligands and metal ions is favored by this mechanism and allows for high 
yielding syntheses under thermodynamic control.' Not only is it the geometry of the metal 
centres which dictates the overall shape and structure of the metallo-supermolecules but 
also the shape and the pre-programmed coordination ability of the ligands. 1011 Systems 
need to be conceived so that the only possible structures that arise are from the mutual 
recognition and binding of two different types of ligands complexing the metal ions. 12’13
There are many examples of different types of architectures that can be 
synthesized using the principles required for metal-directed self-assembly. The next few 
sections will outline several of these examples.
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41.2.1 Metallo-Rack and Ladder Type Structures
One of the simplest types of complex that has been synthesized is the molecular 
rack. In order to assemble a multimetallic rack type complex, the combination of metal 
ions of appropriate geometry and two different ligands, a linear polytactic ligand and 
ligands with only one coordination site, are required to be assembled together. Figure 1.2 
shows a schematic of molecular rack and ladder complexes. The difference between a 
rack and ladder is that the “rungs” of the ladder complex are bridging ligands. 14 An 
example of a molecular rack and of a ladder complex can be seen in Figure 1.3.
Figure 1.2. Schematic representation of a molecular rack (left) and ladder (right) 
complex. The black bars represent polytactic ligands and the red spheres are metal ions.
•=N
Figure 1.3. An illustration of a molecular rack (left) and a ladder (right).
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51.2.2 Metallo-Grids
The assembly of grids requires that the ligands arrange themselves perpendicular 
to one another at the metal centres, which can be achieved with tetrahedral metals and 
bipyridine based ligands or with octahedral metals and terpyridine based ligands. If this 
principle is met, grid like, 2-D discrete structures will result. These grid-type structures 
will have a regular arrangement of the metal ions. Figure 1.4 shows a schematic 
representation of some metallo-grid structures.
8
0
 b)
Figure 1.4. Schematic representation of metallo-grid structures, a) and b) are examples of 
[2 x 2] and [3 x 3] square grids respectively, and c) is an example of a [2 x 3] rectangular 
grid. The black bars represent polytactic ligands and the red spheres are metal ions.
There are two main classes of grid-like structures. The square grid, given the 
notation [n x n] and the rectangular grid [n x m], where n and m are the number of 
coordination sites for metal ions in each dimension. In most cases, the geometry of the 
metal centres are four coordinate tetrahedral or six coordinate octahedral.
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6The simplest square grid that can be formed is the [2 x 2] grid and has been 
constructed with both tetrahedral metals,15 octahedral metals,16, and also from two 
different octahedral metals, Ru(II) and Os(II) . 17 The first example of a [3 x 3] grid was 
synthesized by the assembly of nine four coordinate Ag(I) metal atoms and six tritopic 
ligands. 18 The largest square grid that has been reported to date has been a [4 x 4] grid. 19 
This grid has been self-assembled by the interaction of sixteen, six coordinate Pb(II) 
atoms and eight, tetratopic, tridentate ligands. Generating rectangular grids of the type 
[n x m], requires the assembly of two different ligands with a different number of donor 
sites. To generate a [2 x 3] square grid, a mixture of ditopic and tritopic ligands is needed. 
Upon mixing two different ligands with different tacticity with Ag(I), a [2 x 3] grid is 
obtained as the major product.20 The minor products result from the combination of 
identical ligands to generate the homo products, the [2 x 2] and the [3 x 3] grids.
Recently, a review on the formation, and potential applications, of grid type 
structures as spintronic, optoelectronics, and supramolecular electronics has appeared in 
the literature.21
In an attempt to self-assemble a [5 x 5] square grid using a pentatopic ligand and 
Ag(I) ions an interesting result was obtained.22 Instead of generating the [5 x 5] square 
grid, a [4 x 5] grid was assembled. The rings of the middle bipyridine chelation site, in 
one dimension twist to form a cisoid arrangement of the ligand, thus remaining 
uncoordinated and in essence, forming two [2 x 5] rectangular grids. However, the [4 x 5] 
grid is not the only structure which is generated in the self-assembly of these components. 
The other species which forms is a quadruple helicate. This quadruple helicate and the 
[4 x 5] square grid are capable of interconverting between the two structures. This 
example provides a prelude into a discussion about transition metal helicates.
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71.23 Metallo-Heiicates
A helical, double-stranded complex is known as a helicate-' and was historically 
the first metal-directed self-assembled type of complex. This term was coined by 
Jean-Marie Lehn and has been expanded to include triple- and poly-stranded complexes. 
To be precise, a helicate is a discrete helical supramolecular complex constituted by one 
or more covalent, organic strands, wrapped about and coordinated to a series of metal 
ions defining the helical axis.
Oligobipyridine ligands have been synthesized specifically to study their 
self-assembly properties in not only helicates, but in all metal-directed assemblies. In 
terms of helicates, the six position substituted oligobipyridines have been used in the 
assembly of double-helicates where the four and five position have been used in triply 
stranded helicates. The reason that six-substituted bipyridine ligands are not used for 
triple helicates is due to steric crowding around the metal ions upon coordination.
Helicates draw a very close resemblance to the structure of DNA. In DNA, the 
polynucleotide chains are wound around a central axis that is defined by the 
complementary hydrogen-bonding of the base pairs. Similarly in helicates, two 
polyatomic ligands are wound around one, or more, coordinated metal ions. An example 
of a double helicate is shown in Figure 1.5. In this example, two tritopic ligands 
substituted at the six position and three tetrahedral Cu (I) ions self-assemble to form the 
double helicate.24
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8Figure 1.5. An example of a double-helicate.
One of the simplest helicates that can be generated is a single stranded helicate 
which is assembled when a ligand strand is helically wrapped around itself and 
coordinated to two or more metal ions. Almost any dinuclear complex possessing a linear 
non-planar chelating strand can be described as a single stranded helicate.25
The first trinuclear, triply-stranded, helicate was self-assembled by Lehn et al. 
using a 5-substituted oligiobipyridine strand with octahedral Ni(II) metal ions.26 Elliott et 
al. have synthesized a triple helicate using a 4-substituted ditopic ligand with Fe(II) metal 
centres 27
One of the more elegant examples of helicates is a circular double helicate. This
can also be a mimic of DNA. Although DNA is usually acyclic, it can also be cyclic in
28some viruses. A circular helicate was self-assembled by Lehn et al. and was generated 
by a 1:1 mixture of a tritopic ligand and FeCl2 . One interesting feature of this structure is 
that it is a receptor for a chloride ion, 29 see Figure 1.6 .
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9Figure 1.6. A schematic drawing of a circular double helicate.
Finally, it has been determined that the helicate self-assembly is a recognition
30process. Upon treatment of Cu(I) metal ions and an equivalent mixture of 
oligobipyridine strands, from ditopic to pentatopic, only the corresponding double 
helicates were assembled. In another experiment, two equivalents of a tritopic thread 
capable of forming only double helicates, three equivalents of a tritopic thread capable of 
forming triple helicates, and three equivalents of both Cu(I) and Ni(II) are reacted 
together and only the homo helicates are assembled.
1.2.4 Discrete Molecular Polygons
Particular attention to the area will be focused upon in Chapter 5. Metal units can 
be linked together by donor ligands which can form rigid assemblies and these 
constructions require the assessment of the angles between the binding units and the
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acceptor units. For example, molecular squares can be assembled from four linear and 
four angular building blocks and a molecular hexagon can be created using a combination
square and a molecular hexagon assembled by Stang et al. One of the most popular 
ligands used to generate these molecular polygons is 4,4’-bipyridine.
Figure 1.7. A molecular square(left) and a molecular hexagon (right).
1.2.5 Rings and Catenanes
A self-assembled molecular ring contains an organic ligand and a transition metal 
in its backbone which forms into a cyclic structure. These rings can interlock with each 
other to assemble into catenanes. Fujita et al. have synthesized some of the most elegant 
examples of rings and catenanes. They have been able to combine pyridine based ligands, 
two pyridine rings separated by various spacer groups, and a Pd(II) transition metal
of six linear components and six angular components.31 '32 Figure 1.7 shows a molecular
o
o
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complex into both molecular rings and catenanes. An equilibrium mixture of both the
parent ring and catenane exists, 33,34 as seen in Figure 1.8.
h 2nn n h 2
, / Pdx
■NS ,
Pd
H2N n h 2
h 2n  n h 2
2 \  /  2
NH2
/ \  h 2n; ;n h 2 
h 2n  n h 2
Figure 1.8. An equilibrium mixture of a molecular ring and its interlocked catenane.
1.2.6 Metallo-Cage Complexes
Closed 3-D molecular cage structures which possess the inherent ability of acting 
like a receptor which can encapsulate guest molecules have provided the chemical 
community a source of fascination. These compounds possess potential applications in 
materials science, medicine, and chemical technology. 35
The general design principle used for the formation of helicates and other 
molecular species may also allow for the formation of these closed 3-D cage type 
structures. These cages can have varying shape and controlled cavity size from the 
combination of multiple ligand components and metal ions. Figure 1.9 shows a schematic 
of a cylindrical inorganic cage type molecule. Cages have also been generated from
iz  n n  to
anion-templated assemblies ’ and these cage type molecules can be interlocked.
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m
Figure 1.9. A schematic of a cylindrical inorganic molecular cage . The black bars 
represent polytactic ligands, the blue ovals represent a tritopic flat planar ligands, and the
red spheres are metal ions.
Self-assembling capsules can be defined as: receptors which possess enclosed 
cavities that are formed by the reversible non-covalent interaction of two or more 
components. These components need not necessarily be the same but have well-defined 
structures in solution and possess binding behaviour that the individual components lack 
on their own. 39
Capsules built upon strong and diverse assemblies of metal ions and ligands have 
also been designed. One of the earliest examples, shown in Figure 1.10, arises from 
Maverick et al. where two acetylacetonate (acac) ligands assemble to form a macrocycle 
with two metal ions.40
Figure 1.10. A metal-templated macrocycle.
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Some of the more elegant examples stem from the research group of Makoto 
Fujita. They have produced some 3-D nano-sized cage-type complexes based upon the 
induced fit of molecular recognition.41 '42 One elegant example arises from the 
construction of an adamatane-shaped complex which was assembled spontaneously from 
six Pd(II) complexes capped by ethylenediamine, to prevent polymeric arrays, and four 
tris(pyridyl) ligands. These nanostructures have metal-metal distances which are 1.9 nm 
apart.
1.3 Crystal Engineering
Metal-ligand self-assembly, as outlined above, has been used to generate a myriad 
of discrete supermolecules. The same concept can be used to make infinite networks and 
is known as crystal engineering. That is, the process of crystallization is self-assembly, in 
the fact that the molecules must first find, then recognize each other in solution and
n
finally orient themselves into an optimal orientation. This new assembly will search for 
more building blocks to generate an ordered nucleus of greater stability. Crystal 
engineering can be defined as the design and preparation of crystalline material through 
an understanding of the steric, topological, and intermolecular bonding capabilities of the 
involved components.
There are two main areas of particular interest in crystal engineering; hydrogen- 
bonded systems and coordination polymers, or sometimes known as metal-organic 
frameworks (MOFs). Elegant examples of each type exist, but particular emphasis will 
focus towards metal-organic frameworks.
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One of the major focuses of this thesis is the combination of organic ligands with 
metal complexes to generate both discrete and polymeric metal-ligand coordination 
complexes. There have been significant amounts of research in metal-ligand assemblies 
and some of the major areas will be discussed here.
There has been a significant amount of research being put forth into the synthesis 
of 1-D polymers, 2-D and 3-D networks, see Figure 1.11 for a schematic of these types of 
networks. Various ligands capable of spanning two unique metal centres, have been 
employed for this process. No ligand has been used more than 4,4’-bipyridine (bipy) for 
this purpose. One of the main reasons as to why it has been used exhaustively is due to 
the fact that bipy is commercially available, inexpensive, it is always bridging, is a rigid 
ligand, and that it always propagates in a linear fashion. Examples will focus on the use of 
this ligand, as an illustrative example of what can potentially be designed and 
synthesized.
a) M -— E W C W f t E ----- M ►
b)
xi ? ;,xj
p V V 1' C iVV*vS£
1'
Figure 1.11. Schematic representation of a) 1-D polymer, b) 2-D network, and c) 3-D 
network. The symbol E, is any electron donating atom, such as N. C is carbon skeleton
separating the donor groups.
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1-D polymers can be synthesized using an appropriate metal complex and ratio of 
metal to ligand. One such example uses CoCCFjCCFb in a 1:1 ratio with 4,4’-bipy to 
generate a 1-D linear polymer.4 '1 Another 1-D linear polymer has also been synthesized 
using 4,4’-bipy and Cd(II) NO3 complex.44
2-D Networks, not only involving 4,4’-bipy, represent an area of particular 
interest within crystal engineering due to the potential of available pores for guest 
molecules in the interpenetrating and non-interpenetrating networks. Most of these 
examples involve the incorporation of planar aromatic species into these pores 4S~47 In all 
of these cases, the reaction involves a mixture of 4,4’-bipy, an appropriate metal complex, 
and a guest molecule. Figure 1.12 shows a schematic of 2-D network involving 4,4-bipy.
n — -M-
Organic
Guest
Molecule
■M N
= /
Figure 1.12. Schematic of a 2-D network involving 4,4’-bipyridine.
Fujita et al. have demonstrated a practical application of these types of 2-D square 
grids. The synthesis of a square grid, using Cd(II) as the metal comers and 4,4’-bipy as 
the spacer group, results in the square grid, originally synthesized in 1994, being a
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heterogeneous catalyst for the cyanosilylation of imines. In the reactions tested, the yields 
of the conversion range from 70 to 99 % . 48'49
There have also been various reports of 3-D networks involving 4,4’-bipy with 
Cu(II) transition metal complexes having well defined pores.50 These networks have been 
shown to adsorb N2 gas and methane gas.
Other types of 3-D networks have had extreme success as gas sorption materials. 
Omar Yaghi et al. have shown that various carboxylate ligands with metal building 
blocks, a secondary building unit (SBU), when combined with organic linkers, yield 
frameworks that maintain their porosity in the absence of guest molecules.51 The resultant 
structure is a MOF and they have an advantage over traditional zeolites, in that they have 
no internal walls, which allows for easy permeation and escape of guest molecules, and 
their internal volume are based on scaffolds. This aspect provides for high surface areas 
and pore volumes that are double those of zeolites. These MOFs have been shown to 
adsorb hydrogen gas and nitrogen gas in their pores.' '
Some other relevant literature examples of types of crystal engineered structures 
include; faceted polyhedra (nanoballs) , 54-55 the spin fmstrated magnetic Kagome lattice , 56 
and Non-Linear Optical (NLO) materials based upon metal-organic coordination 
networks.57
1.4 Second-Sphere Coordination
Approximately 90 years ago, the concept of second-sphere coordination was 
investigated by Alfred Werner. He discovered that a transition metal complex can interact
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in an ordered manner with neutral molecules, X; the result is an outer-sphere complex. 
The inner sphere of metal complexes involved in the generation of second-sphere 
coordination networks can contain bound water molecules, bound anions, or coordinated 
solvent molecules and X is able to form hydrogen bonds with some of these bound 
molecules in the second-sphere of the metal complex. Figure 1.13 shows how a bound 
molecule, L, in the first sphere is able to able to establish an interaction with a molecule 
of X. This interaction can be hydrogen bonding, ion-dipole, electrostatic, or any other 
type of non-covalent interaction.
Figure 1.13. A schematic depiction of the first-sphere (blue) and the second-sphere 
(yellow) of an octahedral metal complex.
Second-sphere coordination is essential to explain simple occurrences such as; the 
formation of adducts between amines and saturated complexes, solvents of crystallization,
significant amount of work has involved the use of the second-sphere chemistry of 
transition metal complexes and alkali metals with crown ethers, This is conveyed by a 
series of reviews in the area. 5 8 ,62-64
X second-sphere
L
first-sphere
X
and the dependence of optical rotation on the nature of the anion and solvent.58 The 
current goals of second-sphere coordination deals with transport properties , 59 stability and 
solubility of complexes, 60 and in the relaxivity of MRI agents. 61 There has been a
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Some of the more recent work in this area deals with metal ammine complexes as 
guest molecules. Ando et al. studied the interactions of a series Ru(II) ammine complexes 
with various pyridine based ligands and studied the effects on structural and physical 
properties as a result of second-sphere coordination with various crown ether 
complexes.65"67 They found the formation of second-sphere complexes with ruthenium(II) 
and crown ethers was controlled by the overall valence of the metal centre and also with 
the size of the crown ether used.
Crumbliss et al. have shown that an ionophore host can selectively recognize the 
siderophore ferrioamine through a protonated amine functional group on a side chain,68"70 
as seen in Figure 1.14. They show how a second-sphere complex can form between an 
ammonium group on the siderophore and an ionophore, or crown ether, through 
electrostatic interactions and hydrogen bonding between the amine hydrogen atoms and 
the oxygen atoms in the macrocycle. They concluded that the host-guest formation 
decreases with the increasing cavity size of the host.
Figure 1.14. A second-sphere complex between a siderophore, ferrioxammine, and a
cyclic ionophore or crown ether.
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A transition metal complex has been demonstrated to be a metalloreceptor. In this
71case, PtCl2(PEt3) units are coordinated to the nitrogen atoms in an azacrown ether. An 
adduct is created through a series of hydrogen-bonds from the amine functional group 
from a [PtCl2(PET3)(NH3)] to the oxygen atoms in the azacrown of the metal complex. In 
one unique example, a second-sphere complex is formed between the Pt(II) amine species 
and the azacrown ether, [PtCl2(PEt3)-azacrown], see Figure 1.15. The amine forms three 
hydrogen-bonds with the azacrown ether.
P£t3 
Cl------Pt— Cl
Cl Pt Cl
pet3
Figure 1.15. A second-sphere complex between a host transition metal azacrown ether
and a guest transition metal complex.
1.5 Scope of the Thesis
Many ligands have been used in metal-ligand self-assembly. This thesis looks at 
two unique themes: i) the use of 4,7-phenanthroline, 1, as a bridging ligand in 
coordination chemistry and the crystal engineering of coordination polymers (Chapters 2- 
4) and ii) the use of various organic ligands and some simple metallo-ligands to generate
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both discrete and polymeric complexes (Chapters 5-7). Refer to Figure 1.16 for an 
illustration of these concepts.
= N .
\  / '
Figure 1.16. A molecule of 1 showing the bridging sites(left) and a metallo-ligand 
showing one of the possible sites for exo-dentate coordination.
The common feature of the ligands used in the study is the presence of two or 
more sets of donor atoms which cannot coordinate to the same metal atoms. This feature 
allows for the generation of both discrete and polymeric arrays utilising either hydrogen- 
bonding, metal-ligand coordination, or a combination of both aforementioned motifs. 
Features such as ligand shape and the angle between divergent binding sites along with 
the coordination geometry of the metal centres allowed for rationalization of the overall
3-D structures observed in the solid state.
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Chapter 2: Synthesis o f  Metal-Ligand Coordination Polymers 
with 4,7-Phenanthroline
2.1 4,7-Phenanthroline
4,7-Phenanthroline, 1, has been used as a ligand in the construction of several 
coordination polymers and cyclic species partially due to its rigidity, and because it is a 
commercially available material. Every complex that involves 1 and transition metals 
favours bridging over chelation. The angle between the two donor atoms is 60°. Figure
2.1 shows an illustration of 4,7-phenanthroline with its inherent 60° angle between 
coordination sites.
The position of the nitrogen atoms in compound 1 are analogous to those in 
3,3’-bipyridine and 1 is more rigid because of the presence of a third ring which locks the 
donor nitrogen atoms in position. 3,3’-bipyridine has been used in the construction of 1-D
Figure 2.1. Line Drawing of 4,7-phenanthroline (1).
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coordination polymers and 2-D networks.73'75 In all of these cases, there is one main 
structural difference between complexes involving 1 and 3,3’-bipyriridine. The nitrogen 
atoms in 3,3’-bipyridine are in a transoid arrangement upon coordination to various metal 
centres.
Previous research in the Loeb group involving 1 has focused on the self-assembly 
of molecular triangles76 and clefts.77 Based on this 60° angle geometry that 1 provides, 
one of two possibilities exists for the construction of transition metal complexes. If the 
components cyclize, an equilateral triangle would form, but if the complex does not 
cyclize, a 1-D coordination wave polymer would result, as shown in Figure 2.2.
/  \
N =
Figure 2.2. An equilateral triangular complex with 1 (in red) and a 1-D coordination wave
polymer with 1 (in blue).
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Zubieta et al. have synthesized molecular triangles from a hydrothermal reaction 
of 1 and CuS04 and M0 O3 .78 These triangles form a 2-D network through the interaction 
of the molybdate oxygens with the Cu(I) used in triangle construction. These molecules 
are linked through the main Cu(I) cluster to generate a 1-D ribbon structure. Also, these 
strands are linked through M0 6 O19 clusters into a 2-D network.
A survey of the literature on polymers with 1 returned with six references, as 
contrasted with numerous occurrences involving 4,4’-bipyridine. Keller et al. have 
studied the effect of solvent and anion on the final structure of the coordination polymers 
involving 1 and Cu(I) . 79’80 Also, Champness et al. have studied the effects of polymer 
construction involving 1 by varying the transition metal, Cd(II), Zn(II), and Ni(II), and
01
solvent conditions.
2.2 Results and Discussion
2.2.1 General
The synthesis of coordination polymers involving 1 is discussed in detail here. All 
coordination polymers have been characterized by single crystal X-ray diffraction 
experiments. In the Figures, only selected atoms are labeled and all atoms follow the 
same colour scheme. Carbon (light gray), nitrogen (dark blue), oxygen (red), halogens 
(light green), metals (light blue), sulfur (yellow), and other atoms are noted as required. 
Any changes to this colour scheme are noted when appropriate.
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2.2.2 {[Ag(PF20 2)(l)]}n
The reaction of 1 with AgPF6 in a 1:1 ratio in acetonitrile results in the formation 
of a new silver(I) coordination polymer. X-ray quality crystals were grown by slow 
diffusion of Et20  into an acetonitrile solution and it was determined that the complex was 
a 1-D polymer, 2. One interesting observation was the identity o f the counter anion, 
which was crystallographically determined to be PF2O2, rather than the expected Pp6 . The 
presence of this anion was verified by 31P-NMR. The conversion of Pp6 to PF2O2 occurs 
via a hydrolysis reaction. 82 There is precedence in the literature for this conversion to 
occur, particularly in wet solvents. 83' 85
The geometry about each Ag(I) centre is distorted tetrahedral. Each Ag(I) is 
bonded to two molecules of 1 and two PF2O2 anions. The distortion around the Ag(I) is 
common and in this compound is caused by the steric crowding by the coordinated 
molecules of 1. Figure 2.3 shows the coordination sphere of the Ag(I) metal centre.
c
Figure 2.3. Coordination sphere of {[Ag(l)][PF2 0 2 ]}n- Bond distances 
Ag-N2 2.236(6), Ag-N3 2.231(5), Ag-Ol 2.514(4), andAg-04 2.566(7) A.
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The angles at the silver centre in this compound range from 84.7(2)° to 145.0(2)°. 
The angles between molecules of 1 are the largest and the distortion of the angles can be 
accounted by the steric crowding around the silver(I) centre. The smallest angle is 
between the two coordinating PF2O2 anions. This is due to the lower amount of steric 
crowding caused by these ligands.
Each molecule of 1 is bridging between two unique metal atoms. One molecule of 
1 sits “up” and the other molecules sits “down” to create a 1-D wave polymer. The PF2O2 
anions are coordinated to the silver(I) centres and provide a bridge to another 1-D strand 
of polymer. The Ag...Ag distance is 7.7 A. The repeating unit of the polymer consists of 
two molecules of 1  which spans a distance of 14.8 A. Figure 2.4 shows a single strand of 
the 1-D polymer.
Figure 2.4. Structure of the 1-D strands of 2. One of the coordinated PF20 2 anion is 
omitted for clarity. The Ag... Ag distance is 7.7 A.
The PF2O2 anion is capable of coordination to a metal through its oxygen atoms; 
this anion acts as a bridge between layers of strands. The strands do not arrange 
themselves in a fashion to allow for aromatic n-n stacking. In the layers, the silver(I)
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metal centres lie over the centre of a molecule of 1  at a distance of 3.7 A. Where the 
aromatic rings do lie on top of one another, the distances are over 4 A, which is beyond 
the optimal n-n stacking distance of approximately 3.7 A.7 Figure 2.5 shows the bridging 
of 1-D strands through coordination of PF2O2 anions to overall generate a 2-D network.
Figure 2.5. Strands of 2 bridged through PF2O2 anions into a 2-D Network. Bond 
distances Agl-Ol 2.514(4), A gl-04 2.566(7), Ag2-02 2.538(7), and Ag2-03 2.531(4) A.
2.23 {IAg(N03)(l)]}n
The reaction of 1 with AgNC>3 in a 1:1 ratio in a mixture of acetonitrile and DMF 
( 1 :1  solvent mixture) results in the formation of a new silver(I) coordination complex. 
X-ray quality crystals were grown from slow diffusion of 'Pr20  into the solution of 
MeCN/DMF and it was determined that a 2-D coordination network resulted, 3. The 
coordination sphere of each silver(I) metal centre contains two molecules of 1 and two
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coordinated NO3 anions. One of the planar NO3 anions coordinates to the silver(I) 
through one oxygen atom, while the other anion chelates to silver(I) through two 
oxygens. This phenomenon of varying coordination modes of N 0 3 to metals is very 
common.86' 89 and recently there has been a review about their uses in coordination
frameworks.90
The geometry of the silver(I) metal is a distorted trigonal bipyramidal. Figure 2.6 
shows the coordination sphere of each silver(I) atom in the polymer.
Figure 2.6. Coordination sphere of {[Ag(l)][N0 3 ]}n. Bond distances Ag-Nl 2.268(2), 
Ag-N2 2.265(2), Ag-Ol 2.749(2), Ag-02 2.658, and Ag-OIA 2.520(2) A.
The distortion around the silver(I) metal is probably caused by steric crowding 
from the coordinated molecules of 1. The angles around the metal centre range from 
90.9(1)° to 139.9(1)°. The smallest angle is between one molecule of 1 and the 
monodentate coordinated NO3 anion. The largest angle is between the two molecules of
1.
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As with coordination polymer 3, each molecule of 1 is linked to two different 
metal centres. One molecule of 1 sits upward while a second molecule sits downward 
with respect to the silver(I) metal. The bridging of molecules of 1 by silver(I) metals 
creates the 1-D strands of metals and molecules of 1. The coordinating N 0 3 anions are 
used to span strands of polymers together. The chelating anions point forwards or 
backwards on alternating silver(I) centres. The other monodentate anion lies in the same 
plane as the 1 -D wave polymer strand. The distance between silver(I) centres is 7.7 A. 
The length of the repeating unit in the 1-D strand is 14.4 A. The basic structure of the 1-D 
polymer strand is very similar to polymer 2. Figure 2.7 shows the wave polymer of a 
strand of 3.
Figure 2.7. Structure of the 1-D stands of 3. The Ag.. .Ag distance is 7.7 A.
The extension of the 1-D strips into a 2-D network is accomplished through the 
bridging of the N 0 3 anions. These anions are pillars that link the layers of polymer 
together. One structurally interesting feature is the way the NO3 anions coordinate to the 
silver(I) centres. One of the N 0 3 oxygens which chelates to a silver(I) centre also 
coordinates to a second unique silver(I) atom in a monodentate fashion. This bonding
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motif leaves the third nitrate oxygen uncoordinated. The silver... silver interlayer distance 
is 5.0 A. Figure 2.8 shows the formation of the 2-D network from the bridging of the NO3 
anion pillars.
Figure 2.8. Extension of the 1-D polymer 3 into a 2-D network through bridging NO3
anions.
2.2.4 {[Ag(OTf)(l)(MeCN)J}„
Upon mixing in a 1:1 ratio, 1 and AgOTf in MeCN, a new coordination 
compound, 6 , is formed. X-ray quality crystals which were grown from the diffusion of 
!Pr2 0  into a solution of 4 in MeCN revealed that this was another 1-D coordination 
polymer. The silver(I) metal is in a distorted tetrahedral geometry. The coordination 
sphere of each silver(I) atom is occupied by two molecules of 1, one molecule of MeCN, 
and one OTf anion. Figure 2.9 shows the coordination sphere of each silver(I) metal 
centre.
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Figure 2.9. Coordination sphere of {[Ag(l)(MeCN)][OTf]}n. Bond distances Ag-Nl 
2.289(8), Agl-N2 2.263(8), Ag-N3 2.277(10), and Ag-Ol 2.530(10) A.
As in the other coordination polymers, 2 and 3 the steric crowding caused by the 
coordination of two molecules of 1 to each metal causes this distortion. The angles 
around the silver(I) metal centre range from 92.3(3)° to 130.6(6)°. The smallest angle 
results from one of the molecules of 1 to the coordinated OTf anion. Whereas, the largest 
angle, as in 2 and 3, is between the two molecules of 1.
Two Ag(I) atoms are bridged by a molecule of 1. There is a major structural 
difference between polymers 2 and 3 and the 1-D polymer formed with OTf anions in 4. 
In polymers 2 and 3, the molecules of 1 were in the same plane. In 4, the molecules of 1 
do not lie in the same plane and do not form a 1-D wave polymer but are essentially 
perpendicular with respect to one another; resulting in a zigzag chain polymer. Again, the 
distance between silver(I) atoms is 7.7 A but the length of the repeating unit in the 1 -D 
strand is 7.9 A. This distance is significantly shorter because when the metal centres lie in
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the same plane, they are at the maximum separation, but once they deviate from planarity, 
the distances shorten. Figure 2.10 shows the structure of the 1-D zigzag polymer 5.
Figure 2.10. 1-D strand of zigzag polymer 4. OTf anions are omitted for clarity.
Metal.. .metal distance is 7.7 A.
One interesting structural observation is the position of the OTf anion. The anion 
sits in between two molecules of 1 in a triangular shaped cavity. The coordinated oxygen 
of the anion has a bonding distance of 2.53(1) A and one of the other oxygens has a close 
contact to another silver(I) metal centre at a distance of 3.32(2) A. Figure 2 . 1 1  shows a 
space filling model of the 1-D zigzag polymer chain with the anion in the cavity.
f
V I
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Figure 2.11. Space filling model of a strand of the 1-D zigzag polymer 4.
The OTf anions in 4 do not act as bridging anions, thus this 1-D zigzag polymer 
strands cannot extend into a 2-D network. However, layers of 1-D zigzag polymers 
;T-stack on adjacent layers. The aromatic K-n stacking between layers of polymer seems to 
be a favourable interaction distance, 3.6 A.7 The molecules of 1  in adjacent interacting 
strands are rotated by 180° relative to one another. This rotation allows for more 
favorable ^-stacking because the nitrogen atoms are never stacked on top of each other. 
Figure 2.12 shows the ^-stacking between layers of the zigzag coordination polymer.
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Figure 2.12. ^--stacking between layers of coordination polymer 4. OTf anions are omitted 
for clarity. The ^-stacking distance between layers is 3.6 A.
2.2.5 {[Cu(l)(MeCN)2][C104]}„
The reaction of 1 with [Cu(MeCN)4] [CIO4] , 9 1 5, in a 1:1 ratio in MeCN results in 
the formation of a transition metal complex, 6 . X-ray quality crystals were grown from 
slow diffusion of Et20  into an acetonitrile solution of 6  and it was determined that this 
molecule was a 1-D coordination polymer. Keller et al. have also synthesized 
coordination polymers involving 1 with various Cu(I) salts. 79,80 Compound 6  is 
isostructural with the BF4 polymer published by Keller et al. They found that by varying 
the anion, they could generate different polymers, mostly through differing coordination 
geometries about the Cu(I) metals. The geometry of the Cu(I) centre in 6 , which is 
coordinated by two molecules of 1 and two acetonitrile molecules, is distorted tetrahedral.
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This geometry is normal for coordination complexes of copper (I) . 92' 94 The coordination 
sphere of each copper (I) centre is shown in Figure 2.13.
5
Figure 2.13. Coordination sphere of {[Cu(l)(MeCN)2][CIO4]}n. Bond distances: 
Cul-Nl 2.057(3), Cul-N2A 2.078(3), Cul-N3 2.196(4), and Cu-N4 1.940(4) A.
The angles at the copper (I) centres in this compound range from 93.0(1)° to 
124.4(1)°. The angle between molecules of 1 is the largest and the widening can be 
accounted by the steric crowding around the copper(I) centre. The smallest angle is 
between the two molecules of coordinating acetonitrile.
Two copper (I) atoms are bridged by one molecule of 1 and this results in the 
propagation of the 1-D polymer. Each copper(I) has one molecule of 1 oriented “up” and 
the other “down”. The two molecules of acetonitrile occupy the other two vacant 
coordination sites. This arrangement creates a wave pattern of copper(I) atoms. In the 
repeating unit, there is one molecule of 1 and two molecules of acetonitrile. The 
perchlorate anions behave as non-coordinating anions in this polymer. The closest contact 
between a Cu(I) and a perchlorate oxygen being at 4.61(2) A, this distance is beyond the
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distance for a copper-oxygen bond. The perchlorate anions sit in between two of the 
atoms of copper(I) and in between two molecules of acetonitrile. The molecules of 
acetonitrile come from adjacent copper(I) centres in the strand. The copper(I).. .copper(I) 
distance is 7.8 A and the distance of the repeating unit is 15.0 A. This 1 -D wave polymer 
is shown in Figure 2.14.
v  ,
J r
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Y
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Figure 2.14. Structure of the 1-D chains of 6 . One perchlorate anion is omitted for 
clarity. The Cu(I).. .Cu(I) distance is 7.8 A.
The 1-D copper(I) coordination polymers, n-n stack upon each other. This 
distance of ^--stacking between two molecules of 1 is 3.7 A, which is at an optimal 
distance. The one feature about the offset stacks of molecules of 1 is that the nitrogen 
atoms are never stacked directly on top of one another, but rather the molecules of 1 are 
rotated 180° with respect to the other ligand in an anti-parallel fashion. See Figure 2.15.
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Figure 2.15. Interactions between alternating layers of 6 . Acetonitrile ligands and 
perchlorate anions omitted for clarity. The ^-stacking distance between molecules of 1 is
3.7 A.
2.2.6 {[Zn (N 03)2(1)(H20)] • (CH3CN)}n
The reaction of 1 and [Zn(H2 0 )e] [N03] 2 in a 1:1 ratio in MeCN affords a new 
zinc(D) coordination complex, 7. X-ray quality crystals were grown from slow diffusion 
of 'Pr20  into a solution of 7 in MeCN and it was determined that a 1-D coordination 
polymer was prepared. It was revealed that the geometry about the zinc(II) metal centre is 
octahedral. The coordination sphere of the zinc(II) consisted of two molecules of 1, one 
molecule of water, one mono-coordinated NO3 anion, and one chelated NO3 anion. Figure 
2.16 shows the coordination sphere of each zinc(II) metal centre.
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Figure 2.16. Coordination sphere of {[Zn(l)(H2 0 )][N0 3 ] 2  • (CH3CN)}n. Bond Distances 
Znl-Nl 2.052(4), Znl-N2A 2.075(4), Znl-OlW  2.133(3), Znl-O l 2.285(4), Znl-02
2.278(6), and Znl-06 2.139(3) A.
The geometry of the zinc(II) metal centre is distorted octahedral. The main cause 
of the distortion arises from the tight angle of 53.3(1)° from the chelation of one N 0 3 
anion. This allows the angle between two molecules of 1 to widen to 121.3(1)°. The 
angle between the axial coordinated water molecule and the mono coordinated NO3 anion 
is 164.2(1)°. Steric crowding does not have as much of a clear effect on the geometry for 
7 as it does for 3, 4, 5 and 6 .
Each molecule of 1 is bridged by two Zn(II) metal centres. As in 6 , the 1-D 
polymer that forms is a zigzag-type structure. The molecules of 1 do not lie in the same 
plane and they are essentially perpendicular to one another. The out o f plane positioning 
is what gives rise to the zigzag 1-D strands. The zinc(II)...zinc(II) distance is 7.89 A. The
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length of the repeating unit is 7.90 A. This pitch is comparable to the pitch found for 1 -D 
polymer 6  and is shorter than those found for polymers 3, 4 and 5. Figure 2.17 shows a 
1-D strand of polymer 7. Crystallographically, it was determined that every asymmetric 
unit contained a molecule of free MeCN. These molecules lie in between molecules of 1 
in adjacent repeating units.
Figure 2.17. 1-D strand of zigzag polymer 7.
One other interesting aspect of 7 is that the polymer chain forms closed triangles. 
Two of the sides of the triangle consist of molecules of 1 and the third is from a NO3 
molecule hydrogen-bonding to a coordinated water on a different Zn(II) core. Each 
triangle shares a molecule of 1 with the adjacent triangle. They have a unique side which 
is comprised of a water molecule hydrogen-bonded to a NO3 anion. These hydrogen- 
bonding distances are 2.85 A and 2.97 A. Consequently, every triangle in this polymer is
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isosceles. Two of the sides define the zinc(II).. .zinc(II) metal distance and other distance 
is the length of the pitch. Figure 2.18 shows this triangular polymer.
Figure 2.18. Structure of the isosceles triangular polymer strand. The yellow atoms are 
the hydrogen atoms involved in hydrogen-bonding. Solvent molecules are omitted for 
clarity. Atom Distances Zn.. .Zn(base) 7.895 A and Zn.. .Zn(sides) 7.885 A.
Another feature of compound 7 is a n-n  interaction between adjacent strands of 
the 1 -D polymer. The distance between the layers was determined to be 4.1 A. This 
distance is on the outer limits of aromatic n-n-stacking. There is no hydrogen-bonding 
between any of the possible hydrogen-bond donors or acceptors. Interestingly, only one 
ring from each molecule of 1, interacts with the next adjacent layer. As seen in other 
coordination polymers involving 1 , the rings are oriented in such a way as so nitrogen 
atoms do not lie over top of each other. Figure 2.19 shows the ;r-stacking between two 
layers of the polymer.
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Figure 2.19. Two adjacent strands of 7. The ;r-/r stacking between strands is shown in
green dashed lines.
2.3 Conclusion and Future Work
The compound 4,7-phenanthroline, 1, was found to be a versatile ligand in the 
synthesis of coordination polymers with Cu(I), Ag(I), and Zn(II). By varying the metal 
and the anions, different orientations of a 1-D coordination polymer could be structurally 
determined. Anions capable of coordination to metals have been used as pillars to bridge 
layers of 1-D coordination polymers into 2-D networks. Also, a major factor in 
determining the extended structure is n-n  stacking for the arrangement of layers from 
adjacent strands. Table 2.1 shows a summary of all of the bond angles to each of the 
metal cores in the five new coordination polymers.
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Table 2.1. Metal to ligand bond distances in 3 -  7.
Bond Lengths (A)
2 3 4 6 7
M-N bonds
M-N(l) 2.236(6)
2.231(5)
2.268(2)
2.265(2)
2.289(8)
2.263(8)
2.057(3)
2.078(3)
2.052(4)
2.075(4)
M-N
(solvent)
2.277(10) 2.196(4)
1.940(4)
M -0 bonds
M-O (water) 2.133(3)
M-O (anion) 2.514(4)
2.566(7)
2.749(2)
2.658(2)
2.520(2)
2.530(10) 2.285(4)
2.278(6)
2.133(3)
2.4 Experimental
2.4.1 General Comments
4,7-Phenanthroline, 1, and all transition metal compounds except 2 were 
purchased from Aldrich Chemicals and used as received. {[Cu(MeCN)4][ClC>4]} was 
prepared from a modified literature preparation. 91 All solvents were dried using standard
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methods prior to use. X-ray crystallography supplies were purchased from Hampton 
Research (Paratone-N, cryoloops, and glass fibers).
2.4.2 X-ray Crystallography
Reflection data was integrated from frame data obtained from hemisphere scans 
on a Braker APEX diffractometer with CCD detector. Decay (<1%) was monitored by 50 
standard data frames measured at the beginning and end of data collection. Diffraction 
data and unit-cell parameters were consistent with assigned space groups. Lorentzian 
polarization corrections and empirical absorption corrections, based on redundant data at 
varying effective azimuthal angles, were applied to the data sets. The structures were 
solved by direct methods, completed by subsequent Fourier synthesis and refined with 
full-matrix least squares methods against | F2 1 data. All non-hydrogen atoms were refined 
anisotropically. All hydrogen atoms not involved in hydrogen-bonding were treated as 
idealized contributions. Scattering factors and anomalous dispersion coefficients are 
contained in the SHELXTL 5.03 program library.95
The Braker APEX diffractometer was fitted with a Kryoflex low temperature 
device. Structures were determined both at low temperatures and at room temperature. If 
the structure was determined at room temperature, crystals for data collection were 
mounted on a glass fiber with 5 minute epoxy. If the data collection was performed at low 
temperatures, the data crystal was mounted in a cryoloop with Paratone-N. All crystals 
were removed from their crystallization vessels and placed on a microscope slide and 
cleaned with Paratone-N before mounting. Figure 2.20 shows a picture of a Cu(II) crystal
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mounted on the end of glass fiber and Figure 2.21 shows a picture o f a Cu(II) crystal 
mounted inside a cryoloop for low temperature collection.
Figure 2.20. A Cu(II) crystal mounted on a glass fiber for room temperature data
collection.
^ I I
Figure 2.21. A Cu(II) crystal mounted in a cryoloop with Paratone-N fo r low temperature
data collection.
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2.4.3 General X-ray Comments
Compound 2 crystallized in the monoclinic centrosymmetric space group P2\lc 
(no. 14) with Z = 4. All the non-hydrogen atoms were refined anisotropically and there 
were no restraints applied to the data. The formula unit contained two silver atoms, two 
molecules of 1, and two anions. These components formed the repeating unit of the strand 
of the 1-D coordination polymer.
Compound 3 crystallized in the monoclinic centrosymmetric space group P2\/c 
(no. 14) with Z = 4. All the non-hydrogen atoms were refined anisotropically and there 
were no restraints applied to the data. Each formula unit contained one silver, one 
molecule of 1 , and one anion.
Compound 4 crystallized in the monoclinic centrosymmetric space group P2\!c 
(no. 14) with Z = 4. All the non-hydrogen atoms were refined anisotropically and there 
were no restraints applied to the data. Each formula unit contained one silver atom, one 
molecule of 1, one MeCN molecule, and one anion. Two formula units comprise the 
repeating unit of the 1-D strand.
Compound 6  crystallized in the monoclinic centrosymmetric space group P2\!c 
(no. 14) with Z = 2. All the non-hydrogen atoms were refined anisotropically and there 
were no restraints applied to the data. Each monomer in the formula unit contained two 
coppers, two molecules of 1, two anions and four acetonitrile ligands. These components 
formed the repeating unit of the strand of the 1-D coordination polymer.
Compound 7 crystallized in the monoclinic centrosymmetric space group P2\!n 
(no. 14) with Z = 2. All the non-hydrogen atoms were refined anisotropically and there 
was one restraint applied to the data. Hydrogen atoms on the coordinated water molecules
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involved in hydrogen-bonding were located and adjusted into an ideal bond length of 0.85 
A. The position was locked and the thermal parameter refined isotropically. This was 
repeated until solution convergence. Each formula unit contained two zinc atoms, two 
molecules of 1, four anions, and two free MeCN molecules. One asymmetric unit 
comprises a repeating unit of the 1-D strand.
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2.4.4 Synthesis of {[Ag(PF202)(4,7-phenanthroline)] n (2)
One equivalent of 4,7-phenanthroline (10.0 mg, 5.55 x 10"2 mmol) and one 
equivalent of silver hexafluorophosphate (14.1 mg, 5.55 x 10"2 mmol) were dissolved in 
MeCN (2 mL). The mixture was stirred for 5 minutes. The product precipitated as the 
PF20 2 salt upon addition of 'Pr20  as a white solid. Colourless block X-ray quality crystals 
were obtained upon slow diffusion of 'Pr20  into an MeCN solution over a period of 24 
hours. Crystalline material was isolated by decantation. Yields depended upon the stage at 
which the crystallization process was interrupted; usually when sufficiently sized X-ray 
quality crystals could be isolated. Yield was not determined.
Table 2.2. Crystal Data and Details of Structure Solution and Refinement for 2
Formula C 24H  16A g 2F 4N 4 0 4P 2 Collection Temp [K] 293(2)
Formula Weight 778.09 Pealed [gCm ] 2.106
Crystal System Monoclinic ft (Moko-) N ' 1] 1.799
Space Group P2)lc Min/max trans 0.0301/0.0584
a  [A] 10.378(2) Unique data 5338
b [A] 14.751(3) R(int) 0.0402
c [A] 8.0909(19) R1 [I > 2d] 0.0498
a[°] 90 R1 [all data] 0.0605
m 97.808(4) wR2 [I >2oI] 0.1009
rn 90 wR2 [all data] 0.1054
v  [A3] 1227.1(5) Data/variables 1766/181
z 4 Goodness-of-fit 1.013
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2.4.5 Synthesis of {[Ag(N03 )(4 ,7-phenanthroline)]}n (3)
One equivalent of 4,7-phenanthroline (10.0 mg, 5.55 x 10"2 mmol) and one 
equivalent of silver nitrate (9.4 mg, 5.55 x 1(T2 mmol) were dissolved in MeCN (2 mL). 
The mixture was stirred for 5 minutes. The product precipitated as a white solid upon the 
addition of 'Pr20. Colourless block X-ray quality crystals were obtained upon slow 
diffusion of 'Pr20  into the MeCN solution over a period of 24 hours. Crystalline material 
was isolated by decantation. Yields depended upon the stage at which the crystallization 
process was interrupted; usually when sufficiently sized X-ray quality crystals could be 
isolated. The yield is essentially quantitative if the crystallization process was not 
interrupted.
Table 2.3. Crystal Data and Details of Structure Solution and Refinement for 3
Formula C 12H8A gN 303 Collection Temp [K] 173(2)
Formula Weight 350.08 p ea led  [gem"1] 2.110
Crystal System M onoclinic ft (Mokoc) [mm 1] 1.836
Space Group P2j/c M in/max trans 0.9060/1.0000
a [A] 10.7833(7) Unique data 8650
b[  A] 14.4383(10) R(int) 0.0316
c[k] 7.1967(5) R1 [I > 2d] 0.0254
«[°] 90 R1 [all data] 0.0303
m 100.3440(10) wR2 [I >2oI] 0.0560
y[°] 90 wR2 [all data] 0.0579
v [A3] 1102.26(13) Data/variables 1937/172
z 4 Goodness-of-fit 1.056
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2.4.6 Synthesis of {[Ag(OTf)(4,7-phenanthroliiie)(MeCN)]}n (4)
One equivalent of 4,7~phenanthroline (10.0 mg, 5.55 x 10"2 mmol) and one 
equivalent of silver trifluoromethanesulfonate (14.3 mg, 5.55 x 102 mmol) were 
dissolved in MeCN (2 mL). The mixture was stirred for 5 minutes. The product 
precipitated as a white solid upon addition of 'PriO. Colourless block X-ray quality 
crystals were obtained upon slow diffusion of 'Pr20  into the MeCN solution over a period 
of 24 hours. Crystalline material was isolated by decantation. Yields depended upon the 
stage at which the crystallization process was interrupted; usually when sufficiently sized 
X-ray quality crystals could be isolated. The yield is essentially quantitative if the 
crystallization process was not interrupted.
Table 2.4. Crystal Data and Details of Structure Solution and Refinement for 4
Formula Ci^Hi jAg^CASiFj Collection Temp [K] 174(2)
Formula Weight 478.20 pealed [gem 1] 1.953
Crystal System Monoclinic p (Mokoc) [m m 1] 1.422
Space Group P2\lc Min/max trans 0.6920/1.0000
a [A] 13.6022(7) Unique data 11055
b [A] 7.8905(4) R(int) 0.0524
c[A] 15.5188(8) R1 [I >2gI] 0.0871
a[°] 90 R1 [all data] 0.0921
flf] 100.4950(10) wR2 [I >2cl] 0.1637
r n 90 wR2 [all data] 0.1663
v [A3] 1626.15(14) Data/variables 2866/236
z 4 Goodness-of-fit 1.473
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
49
2A 7 Synthesis of Tetrakis(acetonitriIe)copper(I) Perchlorate 
([Cu(MeCN)4][C104]) (5)
This compound was prepared from a modified literature preparation.91 Copper(I) 
oxide (4.0 g, 28 mmol) was dissolved in C H 3C N  (80mL). A 60% HCIO4 solution (10 mL) 
was added in 2 mL aliquots. After the addition of the last aliquot, the solution was filtered 
through a medium porosity frit. The solution was cooled to -20 °C for 4 hours. Upon 
cooling a white microcrystalline solid precipitated. The solid was collected by filtration 
and was washed with a copious amount of Et20  and immediately dissolved in MeCN 
(100 mL). A small amount of a Cu2+ species remained undissolved and was removed via 
filtration. Et20  (100 mL) was added to the filtrate and the solution was allowed to stand 
for 6  hours at -20 °C. The product was filtered and it was washed with a copious amount 
of Et20  and collected as a white solid. A second recrystallization was performed from 
both CH3CN (80 mL) and Et20  (80 mL). Yield: 3.77 g (44%).
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2.4.8 Synthesis of {[Cu (4,7-phenanthroline)(MeCN)2][C104]}n (6)
One equivalent of 4,7-phenanthroline (10.0 mg, 5.55 x 102 mmol) and one equivalent of 
tetrakis(acetonitrile) copper(I) perchlorate (18.2 mg, 5.55 x 10 2 mmol) were dissolved in 
MeCN (2 mL). The mixture was stirred for 5 minutes. The product precipitated as a red 
solid upon addition of 'PriO. Red block X-ray quality crystals were obtained upon slow 
diffusion of 'Pr20  into an MeCN solution over a period of 24 hours. Crystalline material 
was isolated by decantation. Yields depended upon the stage at which the crystallization 
process was interrupted; usually when sufficiently sized X-ray quality crystals could be 
isolated. The yield is essentially quantitative if the crystallization process was not 
interrupted.
Table 2.5. Crystal Data and Details of Structure Solution and Refinement for 6
Formula C s j F L g C u ^ C L N g O g Collection Temp [K] 293(2)
Formula Weight 850.60 P ealed  [ g C m 1] 1.595
Crystal System Monoclinic 11  ( M o k « )  [m m 1] 1.413
Space Group P2]/c Min/max trans 0.1000/0.1525
a  [ A ] 9.8299(5) Unique data 8906
b[  A ] 12.0477(6) R(int) 0.0176
c [ A ] 14.9871(7) R1 [ I  >2oI] 0.0557
«[°] 90 R1 [all data] 0.0585
/?[°1 93.5490(10) wR2 [I >2cl] 0.1472
rf°] 90 wR2 [all data] 0.1494
v  [A3] 1771.48(15) Data/variables 3110/237
z 2 Goodness-of-fit 1.108
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2.4.9 Synthesis of {[Zn(N03)2(4,7-pheeanthroIme)(H20)] •
(CH3CN)}n (7)
One equivalent of 4,7-phenanthroline (10.0 mg, 5.55 x 10"' mmol) and one 
equivalent of [Zn(H20 )6][N0 3 ] 2 (16.5 mg, 5.55 x 10' 2 mmol) were dissolved in MeCN (2 
mL). The mixture was stirred at 70° C for 5 minutes. The product precipitated as a white 
solid upon addition of 'Pr20. Colourless block X-ray quality crystals were obtained upon 
slow diffusion of 'Pr20  into an MeCN solution over a period of 24 hours. Crystalline 
material was isolated by decantation. Yields depended upon the stage at which the 
crystallization process was interrupted; usually when sufficiently sized X-ray quality 
crystals could be isolated. The yield is essentially quantitative if the crystallization 
process was not interrupted.
Table 2.6. Crystal Data and Details of Structure Solution and Refinement
Formula C28H26Zn2N i oO 14 Collection Temp [K] 173(2)
Formula Weight 857.33 Pealed  [ g C m 1] 1.749
Crystal System Monoclinic p. (Morcc) [mm 1] 1.561
Space Group P2\!n Min/max trans not measured
a [A] 13.685(2) Unique data 11487
b [ k ] 7.8947(12) R(int) 0.0251
c [A] 15.326(2) R1 [I >2oI] 0.0582
« n 90 R1 [all data] 0.0600
m 100.503(2) wR2 [I >2al] 0.1396
r n 90 wR2 [all data] 0.1411
V [A3] 1628.1(4) Data/variables 2855/253
Z 2 Goodness-of-fit 1.019
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Chapter 3: Self-assembly of Hydrogen-Bonded Networks with 
4,7-Phenanthroline Utilising Second-Sphere Coordination
3.1 Introduction
In Chapter 2, 4,7-phenanthroline, 1, was employed in the synthesis of various 1-D 
polymers and 2-D networks involving traditional metal ligand bonds. This chapter 
describes the formation of hydrogen-bonded networks between 1 and hexaqua transition 
metal complexes. This type of interaction is known as second-sphere coordination. The 
use of second-sphere interactions to generate multi-dimensional networks is a method that 
has been relatively ignored in the literature. For example, there are over 400 structures in 
the Cambridge Structural Database with 4,4’-bipyridine involved in traditional metal 
ligand coordination to generate 2-D and 3-D networks. In contrast, there are only eight 
cited references that involve 4,4’-bipyridine as a second-sphere ligand in reactions with 
transition metal complexes.96"103 All of these papers contain molecules of 4,4’-bipyridine 
involved in classical metal-ligand assemblies accompanied by second-sphere interactions 
but none are involved exclusively in second-sphere coordination.
The work presented in this chapter has been previously published in Chemistry: A 
European Journal by Beauchamp and Loeb.104 After this paper was published, 
Champness et al. published a paper involving some of the same complexes.105 Also, 
Shimizu has published results involving the formation of capsules utilizing second-sphere 
interactions from the reaction of trisulfonate ligands and hexaaquo metal ions.106 He has 
also generated some open channel frameworks that are supported from second-sphere
107interactions.
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3.2 Results and Discussion
3.2.1 General
A bound molecule, L, in the first sphere is able to able to establish an interaction 
with a molecule of X. This interaction can be hydrogen-bonding, ion-dipole, electrostatic, 
or any other type of non-covalent interaction. See Figure 3.1 for an illustration of the 
coordination sphere of a metal ion.
second-sphere
Figure 3.1. A schematic depiction of the first-sphere (blue) and the second-sphere 
(yellow) of an octahedral metal complex.
Each molecule of 4,7-phenanthroline, 1, has the potential to act as a hydrogen- 
bond acceptor and form hydrogen-bonds with the second-sphere of the metal ion 
complex. Since 1 cannot chelate, second-sphere interactions between 1 and a transition 
metal complex with external hydrogen atoms could lead to the generation of 1-D, 2-D, or 
even 3-D networks. Figure 3.2 shows the generation of a simple 1-D network involving 1 
and a hexaaquo metal ion complex.
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Figure 3.2. Generation of a simple 1-D second-sphere coordination network.
Before discussing the results of our attempts to produce hydrogen-bonded 
materials via second-sphere coordination, it is of interest to look at a serendipitous result 
that does not involve metals at all.
With the aim to produce a complex built solely by second-sphere coordination, the 
reaction of [Fe(H20 ) 6][BF4] 2 with 1 in a 1:3 ratio in acetonitrile was performed. X-ray 
quality crystals were obtained by vapor diffusion of 'Pr20  into the reaction mixture. The 
X-ray crystal structure revealed the generation of a 1-D hydrogen-bonded polymer, 8 , 
made simply of protonated molecules of 1: {[l-/f][BF4]}, see Figure 3.3. Possibly an acid 
source was present in one of the components leading to the formation of a protonated 
ligand.
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Figure 3.3. Structure of the protonated ligand 8 .
Each molecule of 8 acts both as a hydrogen-bond donor and as well as an acceptor 
and hydrogen-bonds by self-association. Overall, this results in the formation of a 1-D 
hydrogen-bonded wave polymer, with molecules of 8 alternating up and down, see Figure 
3.4. The repeating distance was determined to be 13.8 A.
T
s  %$ *
6  % # %
Figure 3.4. 1-D strand of the hydrogen-bonded wave polymer built from molecules of 8 . 
Protonated hydrogen atoms on nitrogen are in yellow and hydrogen atoms involved with 
interactions with the BF4 anions are in pink.
The length of the hydrogen-bond between nitrogen atoms of molecules of 1 is 
3.04 A and is at an angle of 178°. The hydrogen-bonded polymer that forms is essentially
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in one plane. This is attributed to the formation of C-H—F hydrogen-bonds. The BF4 
anions lie in the cavity created by three molecules of 8 . Each one participates in 
hydrogen-bonds with the BF4 anion. The lengths of these hydrogen-bonds range from 
3.2 A (127°) to 3.5 A (163°). Figure 3.5 shows a space filling model of how two 1 -D 
hydrogen-bonded wave polymer ribbons come together, emphasizing how the BF4 anions 
fit into the spaces created by the coming together of two strands.
Figure 3.5. Space filling model of the two 1-D hydrogen-bonded polymeric ribbons built 
from units of 8. N-H hydrogen atoms are shown in yellow and C-H hydrogen atoms 
involved in hydrogen-bonding are shown in pink.
from four unique strands of adjacent layers. Figure 3.6 shows this structural motif.
■
■
Ribbons from adjacent layers 7r-stack between strands from the nearest layers. 
These ^--stacked layers are 3.8 A apart. Each ribbon ^--stacks with alternating molecules
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Figure 3.6. ^--Stacking between alternating layers of 8 .
3.2.3 {[M(H20 ) 4(N 03)2)] • ( l)2}n,M  = Co ,Mn, and Ni
The reaction between [M(H2 0 )6] [N0 3 ]2, (M = Co, Mn, or Ni) and 1 in acetonitrile 
in a 1 : 2  ratio at room temperature results in purely second-sphere coordination networks. 
These three compounds form an isomorphous series. Interestingly, the ratio of aqua-metal 
complex to 1  does not appear to affect the overall structure of the complex.
The first sphere of the metal complex contains four coordinated water molecules 
and two nitrate anions, which are axial to one another in an octahedral geometry. The 
N O 3 anions form hydrogen-bond intramolecularly in an M - 0 - H - " 0 - N 0 2 motif. Finally, 
two molecules of 1 hydrogen-bond in an M-O-H—N fashion to two trans water 
molecules. Figure 3.7 shows the building block of this series of complexes.
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Figure 3.7. Structure of the building block of 9. Compounds 9,10, and 11 are 
isomorphous. Bond distances Col-01 2.039(3), Co 1-02 2.028(4), Co 1-03 2.179(3), 
Col-01-H -N2 2.74 (175°), and C ol-01-H -05A  2.71 A (154°).
As previously mentioned, each molecule of 1 has the ability to bridge two metal 
cores and act as hydrogen-bond acceptors from coordinated water molecules. This 
bridging of 1 extends the structure of 9, 10, and 11 into the 2nd dimension. Each building 
block consists of six hydrogen-bonds, two of the hydrogen-bonds arise from 
M-O-H—O-NO2 interactions with coordinated anions and the remaining four arise from 
M-O-H—N with bridging molecules of 1. The four M-O-H—N bonds are from different 
molecules of 1 . The distance between metal centres in the two dimensions are 9.9 A and 
14.3 A. Figure 3.8 shows the 2 -D array formed by hydrogen-bonding between the first- 
sphere water molecules and the second-sphere ligands, 1 .
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Figure 3.8. The 2-D array formed by hydrogen-bonding between the first-sphere water 
molecules and the second-sphere ligands, 1 of 9,10, and 11.
The remaining hydrogen atoms on the water molecules in the first-sphere form 
two hydrogen-bonds to the available oxygen atoms of the anions. Figure 3.9 shows this
hydrogen-bonding motif.
-  •
u
Figure 3.9. The metal centres of each 2-D sheet are hydrogen-bonded to afford a 3-D
network in 9,10, and 11.
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In these systems, all eight hydrogen atoms from the four water molecules, two 
nitrogen atoms from each molecule of 1 , and all available oxygen atoms from the 
coordinated N 0 3 anions are involved in the hydrogen-bonding to generate this 3-D 
assembly. This hydrogen-bonding system is totally complementary and fully saturated. 
Figure 3.10 shows all of the respective hydrogen-bonds that surround any particular metal 
centre.
Figure 3.10. Full saturation of the hydrogen-bonding of each core in 9,10, and 11.
The distance between metal atoms in the third dimension, which arise from 
hydrogen-bonding between N 0 3 anions and available hydrogen atoms from coordinated 
water molecules was determined to be 7.1 A. These distances are summarized in Table
3.1.
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Table 3.1. Hydrogen-Bonds for 9,10, and 11.
Distances (A) and Angles (°)
Interaction 9 10 11
0(M-H20 )-N (1 )
O l-N l 2.74(175) 2.75 (175) 2.75 (168)
0 2 -N 2 2.74(161) 2.73 (162) 2.74(161)
0(M-H20 )—O(anion)
0 2 - 0 4 3.16(146) 3.19(152) 3.15 (158)
0 1 -0 5 2.71 (154) 2.75 (149) 2.70(161)
01 and 02 are bound water molecules and 04 and 05  are bound nitrate oxygen atoms. 
The hydrogen-bond distances are donor-to-donor and the hydrogen-bond angle is shown 
in brackets.
3.2.4 {[fraws-Co(H20 ) 4(MeCN)2][CI04]2 (1)2}„
In an attempt to prepare another purely second-sphere complex, a less 
coordinating anion was employed: CIO4 instead of NO3 . A mixture of [CofH^OfaMQO^ 
and 1 in a 1:2 ratio was stirred at room temperature in acetonitrile. X-ray quality crystals 
were grown through vapour diffusion of 'PraO into the reaction mixture. It should be 
noted that again that the overall ratio of metal complex to 1 is not important, whatever 
ratio is used the overall structure remains unchanged. This reaction produces a hydrogen- 
bonded second-sphere complex, 12, which has several structural features different from 9, 
10, and 11. The main difference is the CIO4 anions do not coordinate to the metal core. 
These two coordination sites are now occupied by molecules of acetonitrile, thus leaving 
the CIO4 ions as part of the second-sphere.
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The first sphere of the Co(II) metal core contains four coordinated water 
molecules and two coordinated molecules of acetonitrile. The geometry of the Co(II) 
metal centre is octahedral. In the second-sphere, two trans water molecules each 
hydrogen-bond in a Co-O-H-N fashion to a molecule of 1. The other hydrogen atom of 
these water molecules forms Co-O-H- O hydrogen-bond to a CIO4 anion. Figure 3.11 
shows this Co(II) building block.
Figure 3.11. Core building block of 12. Atom Distances Col-Nl 2.131(4), Col-01 
2.053(5), C ol-02 2.069(5), C ol-01-H -03  2.79 (158°), and C ol-01-H -N 2 2.70 A
(162°).
A single molecule of 1 has the ability to span two different metal cores in two 
dimensions of this network. The coordinated water molecules form a second-sphere 
hydrogen-bond with the nitrogen of each molecule of 1. Each metal core hydrogen-bonds 
with four different molecules of 1 utilizing Co-O-H -N hydrogen-bonds. Each core also 
has hydrogen-bonds between two water molecules and two anions, which do not 
contribute to the overall dimensionality of the complex. The distance of the metal centres
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is 10.3 A and 12.7 A. Figure 3.12 shows how the overall structure propagates in two 
dimensions.
Figure 3.12. 2-D propagation of the hydrogen-bonding network of 12.
The 2-D network which is created by four hydrogen-bonds of the metal core to 
four molecules of 1 is extended to the 3rd dimension through four additional hydrogen- 
bonds to CIO4 anions. Each metal core overall has eight hydrogen-bonds through the four 
coordinated water molecules. Figure 3.13 shows this motif to attain a 3-D network.
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r
Figure 3.13. The Co centres of each 2-D sheet are hydrogen-bonded to produce a 3-D
network in 12 .
The distance to extend the network into the third dimension through second- 
sphere interactions between coordinated water and CIO4 anions was determined to be 8.3 
A. All of the determined hydrogen-bond distances were comparable in length to those 
found in compounds 9,10, and 11 and shown in Table 3.2.
Table 3.2. Hydrogen-Bonds for 12.
Distances (A) and Angles (°)
Interaction 12
0(Co-H20 )-N (l)
O l-N l 2.73 (149)
02 -N 2 2.71 (162)
0(Co-H20) ■ • • O(anion)
0 1 -0 4 3.12(137)
0 2 -0 5 2.79 (158)
01 and 02 are bound water molecules and 04 and 05 are bound perchlorate oxygen 
atoms. The hydrogen-bond distances are donor-to-donor and the hydrogen-bond angle is
shown in brackets.
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The coordinated molecules of acetonitrile do not participate in any secondary 
interactions. All of the available hydrogen atoms from water molecules are involved in 
second-sphere interactions with either 1 or to non-coordinated CIO4 anions.
3.2.5 {[M(H20 ) 4(1)2][C104]2 ■ 4 H20 } n, M=Mn and Zn
In order to synthesize another purely second-sphere coordination complex, 
[M(H20 )6][C1 0 4]2 , M = Mn or Zn, and 1  in acetonitrile or nitromethane in a 1:4 ratio 
were mixed together. It should be noted that the overall ratio of metal complex to 1 is not 
important and whatever ratio is used, the overall structure remains unchanged. This 
mixture of components generates two new second-sphere complexes. There are several 
structural differences between these complexes and 9-12. The main difference is instead 
of four coordinated molecules of water, there are six coordinated water molecules in this 
system and as well as four additional molecules of uncoordinated interstitial water which 
play a role in the second-sphere network. X-ray quality crystals were grown from a slow 
diffusion of 'Pr20  into the reaction mixture. The crystal structure revealed that the 
geometry around the Zn or Mn metal centres is nearly perfect octahedral. The structures 
for 1 3  and 1 4  are isomorphous. In the core building block there are six hydrogen-bonds, 
four to molecules of 1 in a M-0-H---N fashion and two to CIO4 anions in a M-O-H -O 
motif. Figure 3.14 shows the central core of compounds 13 and 1 4 .
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Figure 3.14. Core building block of 13 and 14. The Mn complex is shown. Bond 
distances M nl-01 2.126(7), M nl-02 2.144(6), M nl-03 2.152(6), 
M nl-04 2.167(6), M nl-05 2.182(6), M nl-06 2.181(6), 
M nl-05 -H -07  2.92 (159°), andM nl-06-H -011 2.97 A (171°).
In these compounds, instead of 1 hydrogen-bonding with a coordinated water 
molecule from each core, as in compounds 9-12, each molecule of 1 hydrogen-bonds in a 
second-sphere fashion to one core and to one water of crystallization. These interstitial 
waters of crystallization bond to the hydrogen atoms of the coordinated water molecules 
through a M-O-H-O type interaction. These four interstitial water molecules are 
involved in the 2nd dimension of the network. There are four different types of hydrogen- 
bonds occurring in the development of this structure, M-O-H--N from the molecules of 1 
to the metal core, M-O-H -O from the metal core to both CIO4 anions and interstitial 
molecules of water, and 0-H- --N from non-coordinated molecules of water to molecules 
of 1. Figure 3.15 shows the 2-D propagation of the network.
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Figure 3.15. 2-D propagation of the second-sphere hydrogen-bonding network of 13.
The structure of compounds 13 and 14 is a 3-D network through hydrogen- 
bonding between different layers. Each CIO4 anion forms two M-O-H-••O-CIO3 
hydrogen-bonds with adjacent layers from coordinated water molecules. The other 
interaction that propagates the 3-D structure is hydrogen-bonding between two trans 
water molecules of each metal core and a free water molecule. Two of these molecules of 
water are shared between the two layers and four M-O-H -O hydrogen-bonds. Figure 
3.16 shows the extension of 13 and 14 into the 3rd dimension.
#
-  •
d
Figure 3.16. Extension of 2-D sheets of 13 and 14 into a 3-D network.
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As with the other purely second-sphere complexes in this Chapter, the metal to 
metal distance in each dimension is unique. The distance in the first dimension was 13.3 
A, which arises from the bonding between one molecule of 1  to a water of crystallization 
to finally the next adjacent metal core. The distance to extend into the second dimension 
is 15.9 A, which is the distance from a metal bound water molecule to a water of 
crystallization to a bound water molecule of a different core, and finally the distance of 
the extension of the 3rd dimension was 8.3 A, which is the distance that a CIO4 bridges 
between two bound water molecules on different cores. These distances are longer than 
the other types of second-sphere systems presented herein because of the extra hydrogen- 
bonding to the waters of crystallization. The hydrogen-bond distances are presented in 
Table 3.3.
Table 3.3. Hydrogen-Bonds for 13 and 14.
Distances (A) and Angles (°)
Interaction 13 14
0(M-H20 )-N (1)
O l-N l 2.74 (166) 2.73 (162)
0 2 -N 3 2.78 (175) 2.75 (162)
03 -N 5 2.72 (159) 2.79(175)
04 -N 7 2.81 (177) 2.75 (171)
0(M-H20 )—O(anion)
0 1 - 0 4 2.92(168) 2.90 (177)
0 2 —05 2.87 (159) 2.86(171)
0 6 -0 1 1 2.97(171) 2.86(171)
N(l)-0(solvent-H 20)
N2’-0 4 W 2.81 (161) 2.78 (173)
N4’-0 2 W 2.78 (138) 2.78 (173)
N6’-0 1 W 2.84 (143) 2.87 (175)
N8 ’—01W 2.86(163) 2.87 (175)
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0(M-H20)- • -CKsolvent-HiO)
0 1 -O lW ’
0 2 -0 3 W ’
0 4 -0 2 W
0 5 -0 4 W
06--01W
2.77 (176)
2.77 (176) 
2.76(143) 
2.70(163) 
2.76(171)
2.78 (174)
2.78 (174) 
2.75 (168) 
2.70(174) 
2.77 (179)
0(solvent-H20 ) —O(solvent-H20 ) 
0 2 W -03W  
03W -Q 4W
2.94(165)
2.84(172)
2.92(169)
2.89(166)
01 to 0 6  are bound water molecules and 0 7  to 014 are perchlorate oxygen atoms. 0 1 W 
to 04 W are solvent water molecules. Consecutive pairs o f N  atoms belong to the same 
molecule ofl(ie . N1 and N2). The hydrogen-bond distances are donor-to-donor and the 
hydrogen-bond angle is shown in brackets.
In summary, the structure of the 3-D network in 13 and 14 is different and more 
complicated than those observed in 9-11 and 12. There are two additional coordinated 
water molecules and four waters of crystallization present in the molecular core. This 
increase in hydrogen-bond donors and acceptors leads to an increase in the number of 
hydrogen-bonds needed to develop this second-sphere complex. There are eight 
hydrogen-bonds of the type O -H -N  from coordinated water molecules to four molecules 
of 1 and there are four O-H-O(anion) hydrogen-bonds from coordinated water molecules 
to the non-coordinated CIO4 anions. This gives a total of twelve primary hydrogen-bonds 
between components. There are also eight additional hydrogen-bonds arising from the 
interstitial water molecules of crystallization to develop the network.
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3*2.6 Thermogravimetric Analysis (TGA) of 9 -11 ,12, and 13-14.
This series of second-sphere hydrogen-bonded networks was also analyzed using 
ThermoGravimetric Analysis (TGA) to determine their stability. Initially, for compounds 
13 and 14 the waters of crystallization were lost at temperatures between 70° and 100°C. 
Coordinated molecules of water were lost at temperatures between 125-140°C for all 
compounds. For compound 12 the coordinated acetonitrile molecules were lost at a higher 
than expected temperature of between 180° and 200°C. Finally in all cases, molecules of 1 
were lost at temperatures between 240° and 270°C. The relative stability of these 
compounds using a general bonding motif of second-sphere hydrogen-bonding was 
determined to be high for a motif that uses inherently weak hydrogen-bonds.
3.3 Conclusion and Future Work
The application of second-sphere coordination in the development of 3-D 
networks has been successfully accomplished. The stability of these networks has been 
determined and they are comparable to most metal-ligand coordination networks. All of 
these networks involve the total saturation of hydrogen-bond donors from the aqua metal 
complex to molecules of 1 and various anions using M-0-H---N and M-O-FI-• • O(anion) 
interactions. The metal to metal distance in each dimension has differed and possible 
future work could lead to tailor made metal to metal distances and these materials could 
have interesting magnetic properties, if appropriate metal cores were employed.
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Other future work in the area of second-sphere complexes would be to study the 
compounds using powder X-ray diffraction. If powder patterns are acquired for the initial 
complexes, they could be compared to some of the intermediates observed after heating 
on the TGA. This could provide some insight into the structure of the decomposing 
product.
3.4 Experimental
3.4.1 Thermogravimetric Analysis
The thermogravimetric analyses were initially performed at the University of 
Calgary by G.K.H. Shimizu and A.P. Cote on a Netzsch STA449C instrument under 
N2(g) and at a scan rate of 5°C/min"1. Subsequently, experiments were performed at the 
University of Windsor on a Mettler TGA851e/SF fitted with a Pfeiffer Vacuum 
Thermostar mass spectrometer, with a temperature range of 20 °C to 1100 °C, and a mass 
range of 1-300 amu. In a typical experiment, a sample was placed on a balance in the 
TGA and the sample was heated until the desired temperature was reached.
3.4.2 General X-ray Comments
Compound 8  crystallized in the orthorhombic centrosymmetric space group Pnma 
(no. 62) with Z = 4. All the non-hydrogen atoms were refined anisotropically and there 
were no restraints applied to the data. All hydrogen atoms involved in hydrogen-bonding
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were refined isotropically. Each formula unit contained one molecule of 8 and one anion. 
This is the building block of the corresponding hydrogen-bonded 1-D wave polymer.
Compounds 9,10, and 11 all crystallized in the monoclinic centrosymmetric space 
group P2\!n (no. 14) with Z = 2. All non-hydrogen atoms were refined anisotropically and 
there were no restraints applied to the data. Hydrogen atoms on the coordinated water 
molecules involved in hydrogen-bonding were located and adjusted into an ideal bond 
length of 0.85 A. The position was locked and the thermal parameter refined isotropically. 
This was repeated until solution convergence. Each formula unit possessed a centre of 
symmetry and contained two water molecules, half a metal ion, one anion, and one 
molecule of 1 .
Compound 12 crystallizes in the monoclinic centrosymmetric space group P2\/c 
(no. 14) with Z = 2. All non-hydrogen atoms were refined anisotropically and there were 
no restraints applied to the data. Hydrogen atoms on the coordinated water molecules 
involved in hydrogen-bonding were located and adjusted into an ideal bond length of 0.85 
A. The position was locked and the thermal parameter refined isotropically. This was 
repeated until solution convergence. Each formula unit possessed a centre of symmetry 
and contained two water molecules, half of a metal ion, one anion, one molecule of 
acetonitrile, and one molecule of 1 .
Compound 13 initially was solved in the centrosymmetric triclinic space group 
P{-1) (no. 2) with Z = 2. All non-hydrogen atoms were refined anisotropically and there 
were no restraints applied to the data. Hydrogen atoms on the coordinated water 
molecules involved in hydrogen-bonding were located and adjusted into an ideal bond 
length of 0.85 A. The position was locked and the thermal parameter refined isotropically. 
This was repeated until solution convergence. Each metal core possessed a formula unit
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which contained six coordinated water molecules, four free waters of crystallization, two 
anions, four molecules of 1 and one metal ion. In the end both compounds 13 and 14 
crystallized in the higher symmetry centrosymmetric monoclinic space group P2\ln (no. 
14) with Z = 4. The same parameters were applied and the same number of atoms were 
required to be solved.
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3.43  Synthesis of {[/V-Z/-(4,7-phenanthroline)] [BF4] }„ (8)
Two equivalents of 4,7-phenanthroline (10.0 mg, 5.55 x 10 2 mmol) and one 
equivalent of [Fe(H2 0 )6][BF4 ] 2 (9.4 mg, 2.78 x 102 mmol) were dissolved in MeCN (2 
mL). The mixture was stirred for 5 minutes. The product precipitated upon addition of 
‘P^O as a white solid. Colourless block X-ray quality crystals were obtained upon slow 
diffusion of 'PriO into the MeCN solution over a period of 24 hours. Crystalline material 
was isolated by decantation. Yields depended upon the stage at which the crystallization 
process was interrupted; usually when sufficiently sized X-ray quality crystals could be 
isolated. The yield is essentially quantitative if the crystallization process was not 
interrupted.
Table 3.4. Crystal Data and Details of Structure Solution and Refinement for 8
Formula C12H9F4BN2 Collection Temp [K] 293(2)
Formula Weight 268.02 Pealed  [ g C m 4 ] 1.566
Crystal System Orthorhombic ji (MoK«) [mm4] 0.139
Space Group Pnma Min/max trans 0.1118/0.1451
a [A] 13.822(3) Unique data 4814
b[  A] 6.9879(13) R(int) 0.0123
c[A] 11.771(2) R 1  [I > 2d] 0.0738
a[°] 90 R1 [all data] 0.0827
p n 90 wR2 [I > 2 d ] 0 . 2 1 1 2
n°] 90 wR2 [all data] 0.2224
V [A3] 1136.9(4) Data/variables 891/112
Z 4 Goodness-of-fit 1.104
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3.4.4 Synthesis of {[Co(H20 ) 4)][NO3L • (4,7-phenanthroIine)2}n (9)
Two equivalents of 4,7-phenanthroline (10.0 mg, 5.55 x 102 mmol) and one 
equivalent of [Co(H20)6][N02] 2 (5.3 mg, 2.78 x 10 2 mmol) were dissolved in MeCN (2 
mL). The mixture was stirred for 5 minutes. The product precipitated upon addition of 
'Pr20  as a red solid. Red block X-ray quality crystals were obtained upon slow diffusion 
of 'Pr20  into the MeCN solution over a period of 24 hours. Crystalline material was 
isolated by decantation. Yields depended upon the stage at which the crystallization 
process was interrupted; usually when sufficiently sized X-ray quality crystals could be 
isolated. The yield is essentially quantitative if the crystallization process was not 
interrupted.
Table 3.5. Crystal Data and Details of Structure Solution and Refinement for 9
Formula C24H24CON6O10 Collection Temp [K] 298(2)
Formula Weight 615.42 Pealed  [gem"'] 1.605
Crystal System Monoclinic f t  (Moko) [m m 1] 0.745
Space Group P2\/n Min/max trans 0.0130/0.0584
«  [ A ] 7.115(2) Unique data 5494
b[ A] 14.316(4) R(int) 0.0618
c[  A] 12.587(4) R1 [1 >2gI] 0.0556
«[°] 90 R1 [all data] 0.1435
m 96.696(6) wR2 [I >2cl] 0.0680
y[°] 90 wR2 [all data] 0.1518
V  [A3] 1273.3(7) Data/variables 1817/203
z 2 Goodness-of-fit 1.061
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3.4.5 Synthesis of {[Mn(H20 )4)] [NO3L • (4,7-phenanthroline)2}„ (10)
Two equivalents of 4,7-phenanthroline (10.0 mg, 5.55 x 10‘2 mmol) and one 
equivalent of [Mn(H20)6][NQ3]2 (8.0 mg, 2.78 x 10 2 mmol) were dissolved in MeCN (2 
mL). The mixture was stirred for 5 minutes. The product precipitated upon addition of 
'Pr20  as a pink solid. Pink block X-ray quality crystals were obtained upon slow diffusion 
of 'Pr20  into the MeCN solution over a period of 24 hours. Crystalline material was 
isolated by decantation. Yields depended upon the stage at which the crystallization 
process was interrupted; usually when sufficiently sized X-ray quality crystals could be 
isolated. The yield is essentially quantitative if the crystallization process was not 
interrupted.
Table 3.6. Crystal Data and Details of Structure Solution and Refinement for
10
Formula C24H24MnNf, 0 1  o Collection Temp [K] 298(2)
Formula Weight 611.43 p ea led  [gem1] 1.564
Crystal System Monoclinic ft (MoK(i) [m m 1] 0.578
Space Group P2\/n Min/max trans 0.0827/0.1451
«  [ A ] 7.180(2) Unique data 5592
h{  A ] 14.420(5) R(int) 0.0394
c [ A ] 12.609(4) R1 [I >2oI] 0.0498
«[°] 90 R1 [all data] 0.0575
m 96.184(3) wR2 [ I  >2al] 0.1269
rl°l 90 wR2 [all data] 0.1326
v  [A3] 1297.9(7) Data/variables 1857/203
z 2 Goodness-of-fit 1.008
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3.4.6 Synthesis of {[Ni(H20 )4)][N03]2- (4,7-phenanthroIine)2}ii (11)
Two equivalents of 4,7-phenanthroline (10.0 mg, 5.55 x 10'2 mmol) and one 
equivalent of [Ni(FI20 )6][N0 3 ] 2  (8.1 mg, 2.78 x 10~2 mmol) were dissolved in MeCN (2 
mL). The mixture was stirred for 5 minutes. The product precipitated upon addition of 
'Pr20  as a green solid. Green block X-ray quality crystals were obtained upon slow 
diffusion of 'Pr20  into the MeCN solution over a period of 24 hours. Crystalline material 
was isolated by decantation. Yields depended upon the stage at which the crystallization 
process was interrupted; usually when sufficiently sized X-ray quality crystals could be 
isolated. The yield is essentially quantitative if the crystallization process was not 
interrupted.
Table 3.7. Crystal Data and Details of Structure Solution and Refinement for
11
Formula C24H24NiN6O10 Collection Temp [K] 298(2)
Formula Weight 615.20 Pealed  [gem ] 1.614
Crystal System Monoclinic p ( M o t c a )  [mm1] 0.838
Space Group P2]/n Min/max trans 0.1132/0.1451
a [A] 7.1057(14) Unique data 5434
b [A] 14.245(3) R(int) 0.0166
c [A] 12.599(3) R1 [I >2gI] 0.0311
erf] 90 R1 [all data] 0.0331
pn 96.878(3) wR2 [ I  >2oI] 0.0829
rt°] 90 wR2 [all data] 0.0844
V  [ A 3] 1266.1(4) Data/variables 1805/203
Z 2 Goodness-of-fit 1.049
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3.4*7 Synthesis of
{[tra«s-Co(H20)4(MeCN)2] [C104]2 • (4,7-phenanthrolme)2}n (12)
Two equivalents of 4,7-phenanthroline (10.0 mg, 5.55 x 10~2 mmol) and one 
equivalent of [Co(H20)6][C104 ] 2 (10.2 mg, 2.78 x 10"2 mmol) were dissolved in MeCN (2 
mL). The mixture was stirred for 5 minutes. The product precipitated upon addition of 
'Pr20  as a red solid. Red block X-ray quality crystals were obtained upon slow diffusion 
of 'Pr20  into the MeCN solution over a period of 24 hours. Crystalline material was 
isolated by decantation. Yields depended upon the stage at which the crystallization 
process was interrupted; usually when sufficiently sized X-ray quality crystals could be 
isolated. The yield is essentially quantitative if the crystallization process was not 
interrupted.
Table 3.8. Crystal Data and Details of Structure Solution and Refinement for
12
Formula C28H30CoN6O12 Collection Temp [K] 298(2)
Formula Weight 772.41 pealed [gCm ] 1.480
Crystal System Monoclinic p. (MoKa) [m m 1] 0.717
Space Group P2\!c Min/max trans 0.0870/0.1525
a [A] 8.2998(3) Unique data 8362
b[  A] 13.9644(5) R(int) 0.0311
c[A] 15.0389(5) R1 [I >2al] 0.0643
erf] 90 R1 [all data] 0.0680
m 96.181(1) wR2 [I >2c?I] 0.2003
n°i 90 wR2 [all data] 0.2148
v  [A3] 1732.9(1) Data/variables 3029/240
z 2 Goodness-of-fit 1 . 0 2 2
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3.4.8 Synthesis of 
{[Mn(4,7-phenanthroIine)2(H20)4][C104]2 4 H20 } n (13)
Four equivalents of 4,7-phenanthroline (10.0 mg, 5.55 x 10 “ mmol) and one 
equivalent of [Mn(H20 )(,][ClCXk (5.0 mg, 1.39 x 102 mmol) were dissolved in MeCN (2 
mL) or MeN02 (2 mL). The mixture was stirred for 5 minutes. The product precipitated 
upon addition of 'Pr20  as a pink solid. Pink block X-ray quality crystals were obtained 
upon slow diffusion of 'Pr20  into the MeCN or MeNO? solution over a period of 24 
hours. Crystalline material was isolated by decantation. Yields depended upon the stage at 
which the crystallization process was interrupted; usually when sufficiently sized X-ray 
quality crystals could be isolated. The yield is essentially quantitative if the crystallization 
process was not interrupted.
Table 3.9. Crystal Data and Details of Structure Solution and Refinement for
13
Formula C4sH52Cl2MnN s O  i g Collection Temp [K] 298(2)
Formula Weight 1154.82 Pealed  [gC JT f1] 1.460
Crystal System Triclinic |i (Mok«) [mm'1] 0.434
Space Group P(-1 ) Min/max trans 0.0941/0.1450
a [A] 13.579(5) Unique data 11504
b[  A] 14.218(5) R(int) 0.0385
c[A] 15.899(6) R1 [I >2gI] 0.0861
«[°] 94.582(7) R1 [all data] 0.1006
114.058(7) wR2 [I >2gI] 0.2141
rt°] 106.126(7) wR2 [all data] 0.2213
V [A 2] 2626.6(16) Data/variables 7391/754
z 2 Goodness-of-fit 1.008
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3A 9 Synthesis o f
{[Zn(4,7-phenanthrolme)2(H20 )4][C !04]2 - 4 H20}„ (14)
Four equivalents of 4,7-phenanthroline (10.0 mg, 5.55 x 10"2 mmol) and one 
equivalent of [Z n (H 20 ) 6 ] [ClOA (5.2 mg, 1.39 x 10"2 mmol) were dissolved in MeCN (2 
mL) or MeN02 (2 mL). The mixture was stirred for 5 minutes. The product precipitated 
upon addition of 'Pr20  as a white solid. Colourless block X-ray quality crystals were 
obtained upon slow diffusion of !Pr20  into the MeCN or MeNQ2 solution over a period of 
24 hours. Crystalline material was isolated by decantation. Yields depended upon the 
stage at which the crystallization process was interrupted; usually when sufficiently sized 
X-ray quality crystals could be isolated. The yield is essentially quantitative if the 
crystallization process was not interrupted.
Table 3.10. Crystal Data and Details of Structure Solution and Refinement for
14
Formula C^FL^CLZnNgO \ g Collection Temp [K] 173(2)
Formula Weight 1165.26 Pealed [gCm1] 1.508
Crystal System Monoclinic p (Morcx) [m m 1] 0 . 6 6 6
Space Group P2\!n Min/max trans not measured
a [A] 13.5087(8) Unique data 9031
b [  A] 28.1110(16) R(int) 0.0422
c [A] 14.1040(8) R1 [I >2oI] 0.0429
«[°] 90 R1 [all data] 0.0965
/?[°] 106.6420(10) wR2 [1 >2al] 0.0556
y[°] 90 wR2 [all data] 0.1025
v  [A3] 5131.6(5) Data/variables 7164/714
z 4 Goodness-of-fit 1.034
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Chapter 4: Utilising a Combination o f First- and Second-Sphere 
Coordination with 4 ,7-Phenanthroline
4.1 Introduction
In Chapter 2, the use of 4,7-phenanthroline, 1, as a ligand, in the synthesis of first- 
sphere coordination polymers, was detailed. In Chapter 3,1 was used for the construction 
of 3-D assemblies as a second-sphere ligand through the generation of hydrogen-bonded 
networks. The systematic combination of both first- and second-sphere coordination into 
the same complex can also be successfully achieved with 1  as a ligand, and will be 
described in this Chapter.
There are two different ways to generate these mixed-sphere complexes involving 
1. The first method for a mixed coordination sphere complex would require each 
molecule of 1 to undergo both, a first- and a second-sphere interaction. One of the 
nitrogen atoms would form a metal to nitrogen bond and the other nitrogen atom would 
form an M-O-H - N hydrogen-bond with a different metal core. Figure 4.1 shows a 
schematic representation of this bonding motif.
H,Qi
\
Figure 4.1. Schematic of a mixed coordination sphere complex involving 1. Each 
molecule of 1 forms a first sphere (blue) bond and a second-sphere (red) hydrogen-bond
with unique metal cores.
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The second method occurs when two molecules of 1 perform a different task, this 
can be seen in Figure 4.2. One molecule of 1 would exclusively be involved in first- 
sphere, metal to nitrogen bonds and another molecule of 1 would be involved exclusively 
in second-sphere, hydrogen-bonding.
Figure 4.2. Schematic of a mixed coordination sphere complex involving 1. Each 
molecule of 1  exclusively performs either first-sphere (blue) metal nitrogen bonds or
second-sphere hydrogen-bonds (red).
4.2 Results and Discussion
4.2.1 General
The syntheses of mixed coordination sphere complexes using both bonding motifs 
will be detailed here. The first of the two motifs involves the coordination of a single 
molecule of 1 to a Ni(II), Co(II), or Mn(II) metal core. This bonding motif, allows for the 
generation of mixed coordination sphere 2-D networks. The second motif involves the 
generation of a layered 1-D polymer structure with a Cu(II) metal core with either C I O 4 
or OTf anions. The differences in the bonding modes and resultant structures will be
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discussed herein. Before discussing these two systems, an unexpected complex with 
Ag(I) will be examined.
4.2.2 {[Ag(l)2(MeCN)MBF4]}n
The reaction of two equivalents of 1 with one equivalent of AgBF4 in acetonitrile 
results in the formation of a discrete ML2 building block. X-ray quality crystals of the 
compound were obtained from slow diffusion of z'Pr20  into an acetonitrile solution of the 
reaction mixture. Each silver(I) atom is coordinated by two molecules of 1 and also by a 
molecule of acetonitrile. The BF4 counter anion is not involved in the coordination sphere 
of the metal. The geometry of the metal centre was found to be “T-shaped”. This 
coordination geometry is known for molecules involving Cu(I) and 1. Keller and Lopez 
reported a coordination polymer with copper(I) metal centres that has two molecules of 1  
and one molecule of acetonitrile coordinated to the metal in a “T-shaped” geometry.79 
The coordination sphere of each silver(I) atom can be seen in Figure 4.3.
f N5
Agl
N3
Figure 4.3. Coordination sphere of [Ag(l)2(MeCN)][BF4]. Bond distances Agl-Nl 
2.162(4), Agl-N3 2.154(4), and Agl-N5 2.660(2) A.
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The two molecules of 1 are coordinated in an almost perfectly linear orientation 
with respect to one another. The angle between these two molecules of 1 is 173.10(16)°. 
The angle between the coordinated molecule of acetonitrile and each molecule of 1 is on 
average 90°. Each molecule of 1 has two sites where it can coordinate to metal centres. 
However, in the case of the discrete molecule 15, only one of these sites is used to 
coordinate to a silver(I) metal, while the other forms hydrogen-bonds to two hydrogen 
atoms in the carbon skeleton of another molecule of 1. This hydrogen-bonding motif 
generates C-H—N hydrogen-bonds. The hydrogen atoms involved are in the para position 
to the nitrogen atoms in 1. Figure 4.4 shows the hydrogen-bonding between molecules of
Figure 4.4. Hydrogen-bonding between ML2 units of 15. Atoms involved in hydrogen- 
bonding are shown in yellow. Bond distances N2- H15A 2.587(3) (165°), and
N2-H22A 2.798(5) A (165°).
15.
:|:H22A
H15A *
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The presence of these hydrogen-bonds, results in the formation of a hydrogen- 
bonded 2-D network of M L 2  units. The Ag(I) to Ag(I) metal distance is 14.5 A .  The 
repeating distance of the polymer is 27.3 A ,  where two distinct molecules of 15 are 
required to generate the repeating unit of the 1-D hydrogen-bonded ribbons. This strand 
essentially lies in a plane, but the molecules of coordinated acetonitrile lie out of plane. 
Also, the BF4 anions are above and below of the plane. Figure 4.5 shows a view of the 
1-D polymeric strands.
Figure 4.5. ML2 1-D polymeric strand of 15. Atoms involved in hydrogen-bonding are 
shown in yellow. BF4 anions are omitted for clarity.
Each ML2 units has the ability to not only function as a hydrogen-bond acceptor 
through the uncoordinated nitrogen atoms, but also as a hydrogen-bond donor through a 
pair of hydrogen atoms in the framework of the ligands. This phenomenon allows for the 
dimensionality to increase to a 2-D network, refer to Figure 4.6. The 1-D strands, as seen 
in Figure 4.5, layer themselves on top of each other. When this occurs, they create two 
different types of channels, as shown in Figure 4.7. The first channel is occupied by BF4 
anions, each BF4 anion lies outside of the stacked layers of 1. The second channel is 
occupied by the acetonitrile molecules.
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The B F 4 anions interact with hydrogen atoms from a molecule of 1 to form a 
series of five C-H - F hydrogen-bonds. These hydrogen-bonds range in length from 3.20 
A (127°) to 3.75 A (117°). The distance between layers with B F 4 anions is 3.91 A and 
between layers with acetonitrile molecules is shorter, 3.65 A. This alternating pattern of 
layers of B F 4 anions and acetonitrile molecules is maintained throughout the entire 
structure. Figure 4.7 shows the different channels in a layered structure of 15.
Figure 4.6. The 2-D network generated in compound 15.
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Figure 4.7. Stacking of layers of 15 showing the different channels formed. Hydrogen 
atoms involved in hydrogen-bonding are shown in yellow.
4.2.3 {[/rfl«s-M(H20 )2( l)2(MeCN)2][C104]2}n» M = Ni, Co, or Mn
The reaction of [M(H20)6 ][CIO/^, where M  = Co, Ni, or M n, and 1 in a 1:2 ratio 
in acetonitrile leads to the formation of a new mixed coordination sphere complexes, 16, 
17, and 18. The ratio of ligand to metal aqua complex was varied and in every 
occurrence, the same complex was obtained.
An isomorphous series is achieved with M = Ni (16), Co (17) and Mn (18). If the 
reaction is performed at room temperature, only the pure second-sphere complex forms, 
12 , as previously described in Chapter 3, but if the reaction is performed at a higher 
temperature of 60°C, the mixed coordination sphere complex is generated. Only the Ni(II) 
complex can be synthesized at both room temperature and elevated temperatures. X-ray
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quality crystals were grown for all three new complexes using vapour diffusion of 'P^O
into an acetonitrile solution.
In contrast to coordination compound 13, described in Chapter 3, in which there 
were four molecules of water and two acetonitrile molecules coordinated to the metal, 
compounds 16, 17, and 18 have only two water molecules and two molecules of 
acetonitrile coordinated to the metal. The coordination geometry about each metal centre 
remains octahedral with two molecules of 1  coordinated to the metal in the expected 
monodentate fashion. All pairs of ligands are positioned trans to each other. Figure 4.8 
shows the coordination sphere of this system.
Figure 4.8. First-coordination sphere for compounds 16 ,17, and 18. The Ni(II) complex 
is shown. Atom Distances Nil-Nl 2.221(3), Nil-N3 2.079(4), and N il-01 2.032(3) A.
Each molecule of 1 spans two different metal cores, where it coordinates to a 
metal centre through one M-N bond and also forms a single hydrogen-bond to a 
coordinated water molecule, this M-O-H—N bond occurs in the second-sphere of a
I
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different metal core. This means that each molecule of 1: acts as both, a second-sphere 
and a first-sphere ligand and propagation of this pattern generates a 1-D polymer chain. 
Figure 4.9 shows the 1-D coordination polymer strands of 16,17 and 18.
Figure 4.9. 1-D strand of compounds 1 6 ,17, and 18 showing each molecule of 1 acting as 
both a first- and a second-sphere ligand. Hydrogen-bond distance M-O-H—N 2.73 A
(162°).
Each molecule of water forms hydrogen-bonds to one CIO4 anion and to one 
molecule of 1. The CIO4 anions, which hydrogen-bond in a M-O-H " 0  fashion, are 
oriented in such a way as to alternate between up and down positions on the trans water 
molecules. Also, each hydrogen-bond in the second-sphere to molecules of 1 alternates in 
a similar fashion with the CIO4 anions. Figure 4.10 shows the hydrogen-bonding pattern 
of the central core.
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Figure 4.10. Hydrogen-bonding to each metal core of 16,17, and 18. CIO4 anions are 
shown in green. Bond Distances M-O-H—O(anion) 2.82 A (153°) and 
M-O-H—N 2.73 A (162°).
The molecules of 1 which coordinate to the metal centres in 16, 17, and 18 are 
oriented trans which allows for the extension of the dimensionality to increase to 2-D. 
The perpendicular or cis orientation between the coordinated molecules of 1 and water 
molecules leads to the formation of a 2-D network of a mixed coordination sphere 
complex involving 1 .
The coordinated molecules of acetonitrile are not involved in any fashion in the 
generation of the 2-D network. Rather, their presence inhibits the extension of the 
network from 2-D to 3-D.
This is the only known example of a mixed coordination mode complex involving 
1. There is an occurrence of a similar type of complex involves 4,4’-bipyridine. 98 Figure 
4.11 shows the generation of the 2-D network.
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Figure 4.11. Generation of the 2-D network involving a mixed first- and second- 
coordination sphere in the same molecule of 1 .
The metal-metal distances are very different in the two dimensions. The first 
dimension occurs from a first-sphere coordinated molecule of 1  through a second-sphere 
hydrogen-bond to a coordinated water molecule on a different core. This was determined 
to be 9.4 A. The second distance, in the other dimension, arises from adjacent strands of 
the 1 -D polymer; this distance was determined to be 14.1 A.
Also to further stabilize the 2-D network, aromatic n-n  stacking occurs between 
adjacent strands. This distance was found to be 3.9 A, which is well within an expected 
distance for this type of aromatic system. Molecules of 1 are oriented 180° with respect to 
one another in such a way that the nitrogen atoms are not stacked on top of one another in 
adjacent molecules. All of the hydrogen-bonds are presented in Table 4.1.
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Table 4.1. Hydrogen-Bonds for 16,17, and 18.
Distances (A) and Angles (°)
Interaction 16 17 18
0(M-H20)-N (1)
O l-N l 2.73 (162) 2.70(173) 2.70(174)
0(M-H20 )—O(anion) 
0 1 -0 5 2.82 (153) 2.77 (167) 2.78 (173)
01 is a bound water molecule and 05  is a perchlorate oxygen atom. The hydrogen-bond 
distances are donor-to-donor and the hydrogen-bond angle is shown in brackets.
The requirement of these types of systems to approach 3-D is the presence of four 
coordinating water molecules as in compounds 10-15. The more donor/acceptor pairs 
there are, the more hydrogen-bonds that are generated, thus the greater the dimensionality 
of the overall complex. This feature is dependent upon the number of ligands the metal 
chooses to interact with. Thus, the greater the number of coordinating water molecules, 
the greater the number of hydrogen-bonds. The formation of 3-D networks in this manner 
occurs for the purely second-sphere compounds, 9-14, but does not occur for compounds
A second bonding motif, to generate mixed-sphere coordination compounds, was 
accomplished through the reaction of [Cu(H2 0 )6][X]2, (X = C104, OTf) with three
16-18.
4.2.4 {[Cu(H20 )3(1)][X]2 • ( l)2}n, X = CI04 or OTf.
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equivalents of 1 in acetonitrile. In this system, there are two different types of molecules 
of 1 : one acts as a purely first-sphere ligand and the other acts exclusively as a second- 
sphere ligand.
X-ray quality crystals were grown from an acetonitrile solution of the reaction 
mixtures with slow diffusion of 'P^O. The X-ray analyses revealed the compounds to be 
mixed coordination sphere polymer. The quality of the crystals with OTf as the anions, 
were poor and limited information could be extracted, however, preliminary observations 
revealed the main structural features of the 1-D polymer to be similar to that of the CIO4 
polymer. Only information obtained from the CIO4 polymer, 19, will be discussed.
The coordination geometry about each Cu(II) metal centre is distorted trigonal 
bipyramidal with two molecules of 1 and three molecules of water. The two coordinating 
molecules of 1 and one of the water molecules occupy the equatorial plane. The distortion 
is evident in the equatorial plane where the angle between the two molecules of 1 is large 
at an angle of 158.9(1)°, while the angles between 1 and the water molecules are 
110.9(1)° and 90.1(1)°. However, the sum of the angles in the equatorial plane is still 
-360° The other two molecules of water are axial at an angle of 174.9(1)° and are 
essentially perpendicular to the equatorial plane. Figure 4.12 shows the coordination 
sphere of each Cu(II) centre.
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Figure 4.12. Coordination sphere of Cu(II) metal centre in 19. Bond distances 
Cul-N2 2.081(4), Cul-N3 2.064(4), Cul-Ol 1.933(4), Cul-02 1.937(4), Cul-03
2.217(4) A.
Each molecule of 1 coordinates to two different Cu(II) metal centres, this gives 
rise to a 1-D coordination polymer. The main chain of the polymeric unit containing 1 is 
planar, and is analogous to the 1-D wave polymers, 2 and 3, observed in Chapter 2, and 
the axial water molecules lie above and below the plane. The equatorial water molecule 
lies in the same plane as the coordination polymer. This water molecule hydrogen-bonds 
in a M-O-H- • O(anion) fashion to two different CIO4 anions. These hydrogen-bonding 
distances were determined to be 2.71 A (152°) and 2.79 A (167°), respectively. The metal 
to metal distance is 7.8 A and the length of the repeating unit of the 1 -D polymer was 
determined to be 15.2 A. Figure 4.13 shows the central polymer strand.
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Figure 4.13. The central 1-D strand of 19.
There are four additional hydrogen atoms, from the axially coordinated water 
molecules available for hydrogen-bonding to other molecules. These hydrogen atoms 
form second-sphere interactions with additional molecules of 1 , which only form second- 
sphere hydrogen-bonds with the central 1-D polymer strand. The M-O-H—N hydrogen- 
bonding distances were determined to be 2 . 6 6  A (163°) and 2.74 A (172°).
The resulting structure is a second class of mixed coordination sphere 
compounds. The central strand of the polymer is generated through metal nitrogen first- 
sphere coordination bonds, these molecules of 1 only coordinate in this fashion. Layers of 
1 lie above and below the 1-D coordination polymer strand are only involved in second- 
sphere hydrogen-bonding. The resultant structure is triply layered 1-D polymer built upon 
mixed coordination modes to molecules of 1. Figure 4.14 shows the layering of molecules 
o f l .
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Figure 4.14. Building block of the triply layered polymer 19. Hydrogen-bond distances
are 2.66 (163°) and 2.74 (172°) A.
The distance between the layers of hydrogen-bonded molecules of 1 and the 
central core are 3.42 A and 3.52 A. Figure 4.15 shows the triply layered 1-D mixed 
coordination polymer 19.
..
Figure 4.15. A triply layered 1-D Cu(II) coordination polymer 19. Layer distances are
3.42 and 3.52 A.
As our research involving 1 was progressing rapidly, Chen et al. published
108compound 19. However, their preparation of this polymer was involved several steps.
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Additionally, we have proved that this type of structure is not unique to the anion 
involved. The results we obtained for 19 are in agreement with the results reported by 
Chen et al. A summary of all of the hydrogen-bond distances for 19 can be found in Table 
4.2.
Table 4.2. Hydrogen-Bonds for 19.
Distances (A) and Angles (°)
Interaction 19
0(M-H20)-N (1 )
0 1 -N 6 2.66 (163)
0 1 -N 9 2.67 (172)
0 2 -N 8 2.74 (172)
0 2 - N i l 2.79 (177)
0(M-H20 )—O(anion)
0 3 - 0 7 2.76 (152)
0 3 -0 1 2 2.76 (167)
01, 02 and 03 are bound water molecules and 0 7  and 012 are perchlorate oxygen 
atoms. The hydrogen-bond distances are donor-to-donor and the liydrogen-bond angle is 
shown in brackets.
4.2.5 Thermogravimetric Analysis of 16-18 and 19-20
The two different types of complexes with mixed coordination spheres were 
analyzed using TGA. For compounds 16-18, where each molecule of 1, acts as both a 
first-sphere and a second-sphere ligand, the two coordinated molecules of water were lost 
at 70°C. At 140°C, the molecules of acetonitrile were removed from the metal core.
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Finally, at 275°C molecules of 1 were lost. For compounds 19-20, one molecule of 1 was 
initially lost at a temperature of 130°C. At a temperature of 295°C, a loss of three 
molecules of water and the two remaining molecules of 1 occurred. These stabilities are 
comparable to complexes with purely second-sphere coordination modes, thus 
exemplifying the fact that stabilities are not affected by the mode of coordination 
involving molecules of 1.
4.3 Conclusions and Future Work
The potential of combining first- and second-sphere coordination into the same 
compounds utilizing 1 has been proven. The first of the two methods to achieve this 
involves a molecule of 1 in which it forms a first-sphere coordination bond with one of 
the two available nitrogen atoms and a second-sphere coordination bond with the other 
nitrogen atom. Complexes 16-18 fit into this class of mixed-sphere coordination. In this 
system, all of the available hydrogen atoms from water molecules have been used in 
hydrogen-bonding with both 1 and CIO4 anions through M -O -H -N  and M-O-H-O 
interactions. The overall dimensionality of these compounds, in comparison to those in 
Chapter 3, decreases from 3-D to 2-D with the loss of a set of water molecules bonded to 
the core. The second class of mixed-sphere coordination, as shown in 19-20, involves two 
different types of molecules of 1. Either a metal bonds with both of the nitrogen atoms in 
a molecule of 1, or the nitrogen atoms form second-sphere hydrogen-bonds with the 
coordinated water molecules. All of the available hydrogen-bond donors from the metal 
centre are used in the generation of the compound and form M-O-H - N bonds to 1 or
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
99
M-O-H - O to the available C104 or OTf anions. The overall result for this system is a 1 -D 
triply layered polymer.
One interesting experiment designed to understand the decomposition of this 
hydrogen-bonded system would be to generate the purely second-sphere complex, 12, 
perform a TGA experiment and interrupt it after the first weight loss. The remaining 
product could potentially be crystallized and a single crystal X-ray diffraction experiment 
could be performed to determine if this product was a mixed-sphere coordination 
complex, 17. If a single crystal could not be grown, a powder diffraction experiment 
could be undertaken to confirm this possibility.
4.4 Experimental
4.4.1 General X-ray Comments
Compound 15 crystallized in the monoclinic centrosymmetric space group P2\!c 
(no. 14) with Z = 4. All the non-hydrogen atoms were refined anisotropically and there 
were no restraints applied to the data. Each formula unit contained one silver(I), one 
molecule of 1, one anion, and one acetonitrile ligand.
Compounds 16, 17, and 18 all crystallized in the monoclinic centrosymmetric 
space group P2\!c (no. 14) with Z = 2. All non-hydrogen-bonding atoms were refined 
anisotropically and there were no restraints applied to the data. Hydrogen atoms on the 
coordinated water molecules involved in hydrogen-bonding were located and adjusted 
into an ideal bond length of 0.85 A. The position was locked and the thermal parameter 
refined isotropically. This was repeated until solution convergence. Each formula unit
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possesses a centre of symmetry and contains one molecule of 1, half of a metal ion, one 
anion, one water molecule, and one acetonitrile molecule. The other half of the molecule 
could be generated through an inversion centre which is located at the metal centre.
Compounds 19 and 20 crystallized in the monoclinic centrosymmetric space 
group P2\/c (no. 14) with Z = 8. All non-hydrogen-bonding atoms were refined 
anisotropically and there were no restraints applied to the data. Hydrogen atoms on the 
coordinated water molecules involved in hydrogen-bonding were located and adjusted 
into an ideal bond length of 0.85 A. The position was locked and the thermal parameter 
refined isotropically. This was repeated until solution convergence. Only one half of 
formula unit was required to be solved and contained one metal centre, three molecules of 
1, two anions and three water molecules.
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4.4.2 Synthesis of {[Ag(4,7-phenanthroline)2(MeCN)][BF4] }n (15)
Two equivalents of 4,7-phenanthroline (10.0 mg, 5.55 x 10‘2 mmol) and one 
equivalent of silver tetrafluoroborate (5.4 mg, 2.78 x 10~2 mmol) were dissolved in MeCN 
(2 mL). The mixture was stirred for 5 minutes. Colourless block X-ray quality crystals 
were obtained upon slow diffusion of 'PriO into the MeCN solution over a period of 24 
hours. Crystalline material was isolated by decantation. Yields depended upon the stage at 
which the crystallization process was interrupted; usually when sufficiently sized X-ray 
quality crystals could be isolated. The yield is essentially quantitative if the crystallization 
process was not interrupted.
Table 4.3. Crystal Data and Details of Structure Solution and Refinement for
15
Formula C26H19AgBF4N5 Collection Temp [K] 173(2)
Formula Weight 595.95 Pcaicd [gem"’] 1.767
Crystal System Monoclinic p (MoKh) [mm-1] 0.961
Space Group P2\/c Min/max trans 0.4341/1.0000
a [A] 7.4145(12) Unique data 17432
b [A] 26.347(4) R(int) 0.0594
c [A] 11.5789(18) R1 [I >2cl] 0.0610
«[°] 90 R1 [all data] 0.0798
m 97.788(3) wR2 [I >2oI] 0.1432
ri°] 90 wR2 [all data] 0.1525
v  [A3] 2241.1(6) Data/variables 3937/335
z 4 Goodness-of-fit 1.102
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
102
4.4.3 Synthesis of
{Ni(H20)2(4,7-phenanthroline)2(MeCN)2][C104]2}n (16) 
Method 1
Two equivalents of 4,7-phenanthroline (10.0 mg, 5.55 x 10’2 mmol) and one 
equivalent of [Ni(FFO)6] [CIO4U (10.1 mg, 2.78 x 102 mmol) were dissolved in MeCN (2 
mL). The mixture was stirred for 5 minutes, at room temperature. The product 
precipitated upon addition of 'Pr20  as a green solid. Pale green block X-ray quality 
crystals were obtained upon slow diffusion of 'Pr20  into the MeCN solution over a period 
of 24 hours. Crystalline material was isolated by decantation. Yields depended upon the 
stage at which the crystallization process was interrupted; usually when sufficiently sized 
X-ray quality crystals could be isolated. The yield is essentially quantitative if the 
crystallization process was not interrupted.
Table 4.4. Crystal Data and Details of Structure Solution and Refinement for
16a
Formula C28H26NiN6O10 Collection Temp [K] 293(2)
Formula Weight 736.16 Pealed  [gem"’] 1.583
Crystal System Monoclinic P (Mokcx) [nun1] 0 . 8 6 8
Space Group P2]/c Min/max trans 0.0978/0.1451
a [A] 8.922(3) Unique data 6723
b [  A] 12.276(3) R(int) 0.0239
c[A] 14.144(4) R1 [I >2gI] 0.0552
«[°] 90 R1 [all data] 0.1628
m 94.271(5) wR2 [I >2oI] 0.0582
y[°] 90 wR2 [all data] 0.1661
V [A3] 1544.8(7) Data/variables 2215/217
Z 2 Goodness-of-fit 1.031
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4.4.4 Synthesis of
{Ni(H20 ) 2(4,7-phenanthroline)2(MeCN)2][C104]2}n (16) 
Method 2
Two equivalents of 4,7-phenanthroline (10.0 mg, 5.55 x 102 mmol) and one 
equivalent of [NiOUO^HClCX]? (10.1 mg, 2.78 x 10 2 mmol) were dissolved in MeCN (2 
mL). The mixture was stirred at 70°C for 5 minutes. Pale green block X-ray quality 
crystals were obtained upon slow diffusion of 'Pr20  into the MeCN solution over a period 
of 24 hours. Crystalline material was isolated by decantation. Yields depended upon the 
stage at which the crystallization process was interrupted; usually when sufficiently sized 
X-ray quality crystals could be isolated. The yield is essentially quantitative if the 
crystallization process was not interrupted.
Table 4.5. Crystal Data and Details of Structure Solution and Refinement for
16
Formula C28H26NiN6Oi0 Collection Temp [K] 293(2)
Formula Weight 736.16 pcakd [gem1] 1.583
Crystal System Monoclinic ji (Mqk<x) [mm 1] 0.868
Space Group P2\lc Min/max trans 0.0978/0.1451
a [A] 8.922(3) Unique data 6723
b [A] 12.276(3) R(int) 0.0239
c[A] 14.144(4) R1 [I >2cl] 0.0552
«[°] 90 R1 [all data] 0.1628
m 94.271(5) wR2 [I >2oI] 0.0582
r n 90 wR2 [all data] 0.1661
v  [A3] 1544.8(7) Data/variables 2215/217
z 2 Goodness-of-fit 1.031
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4.4.5 Synthesis of
{Co(H20 ) 2(4,7-phenanthroline)2(MeCN)2][C104]2}„ (17)
Two equivalents of 4,7-phenanthroline (10.0 mg, 5.55 x 102 mmol) and one 
equivalent of [Co(H20)6][CIO4F (10.2 mg, 2.78 x 10 2 mmol) were dissolved in MeCN (2 
mL). The mixture was stirred at 70°C for 5 minutes. Red block X-ray quality crystals 
were obtained upon slow diffusion of 'Pr20  into the MeCN solution over a period of 24 
hours. Crystalline material was isolated by decantation. Yields depended upon the stage at 
which the crystallization process was interrupted; usually when sufficiently sized X-ray 
quality crystals could be isolated. The yield is essentially quantitative if the crystallization 
process was not interrupted.
Table 4.6. Crystal Data and Details of Structure Solution and Refinement for
17
Formula C56H52C0 N6O 10 Collection Temp [K] 273(2)
Formula Weight 736.38 p ealed  [gem"’] 1.600
Crystal System Monoclinic |4 (Mok«) [mm4] 0.804
Space Group P2]/c Min/max trans 0.8853/1.0000
a [A] 8.9742(7) Unique data 11570
b[  A] 12.2791(10) R(int) 0.0283
c[A] 13.994(11) R1 [I >2cl] 0.0475
«[°] 90 R1 [all data] 0.1013
m 95.8130(10) wR2 [I >2al] 0.0509
n°] 90 wR2 [all data] 0.1025
v  [A3] 1528.7(2) Data/variables 2693/220
z 2 Goodness-of-fit 1.299
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4.4.6 Synthesis of
{Mn(H20 ) 2(4,7-phenanthroline)2(MeCN)2][C104]2}„ (18)
Two equivalents of 4,7-phenanthroline (10.0 mg, 5.55 x 10"2 mmol) and one 
equivalent of [Mn(H20)6] [CKXh (10.0 mg, 2.78 x 102 mmol) were dissolved in MeCN 
(2 mL). The mixture was stirred at 70°C for 5 minutes. Pink block X-ray quality crystals 
were obtained upon slow diffusion of ‘P^O into the MeCN solution over a period of 24 
hours. Crystalline material was isolated by decantation. Yields depended upon the stage at 
which the crystallization process was interrupted; usually when sufficiently sized X-ray 
quality crystals could be isolated. The yield is essentially quantitative if the crystallization 
process was not interrupted.
Table 4.7. Crystal Data and Details of Structure Solution and Refinement for
18
Formula c 5 6 H .5 2 M .n N  12O 20 Collection Temp [K] 273(2)
Formula Weight 732.39 pealed [ g C m 1] 1.565
Crystal System Monoclinic p  (Mok«) [mm'1] 0.663
Space Group P2\/c Min/max trans 0.8949/1.0000
a [A] 8.9524(7) Unique data 13730
b[  A] 12.3827(5) R(int) 0.0228
c [ A ] 14.0923(11) R1 [I >2oI] 0.0458
a [ ° ] 90 R1 [all data] 0.1340
m 95.6810(10) wR2 [I >2<tI] 0.0464
yi°l 90 wR2 [all data] 0.1347
V [A3] 1554.5(2) Data/variables 2732/220
z 2 Goodness-of-fit 0.856
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4.4.7 Synthesis of
{[€u(H 20 )3(4 ,7-phenanthroline)][C104]2}n •
(4,7-phenanthroline)2} (19)
Three equivalents of 4,7-phenanthroline (10.0 mg, 5.55 x 10' 2 mmol) and one 
equivalent of [Cu(H2 0 )g][C1 0 4 ] 2 (6.9 mg, 1.85 x 10 2 mmol) were dissolved in MeCN (2 
mL). The mixture was stirred for 5 minutes. Blue block X-ray quality crystals were 
obtained upon slow diffusion of !Pr20  into the MeCN solution over a period of 24 hours. 
Crystalline material was isolated by decantation. Yields depended upon the stage at which 
the crystallization process was interrupted; usually when sufficiently sized X-ray quality 
crystals could be isolated. The yield is essentially quantitative if the crystallization 
process was not interrupted.
Table 4.8. Crystal Data and Details of Structure Solution and Refinement for
19
Formula C36H30CI2CUN6O11 Collection Temp [K] 293(2)
Formula Weight 857.10 pealed [gem"'] 1.600
Crystal System Monoclinic ft (MoKa) [m m 1] 0.71073
Space Group P2\/c Min/max trans 0.1451/0.0321
a [A] 15.232(4) Unique data 10234
b[  A] 22.348(5) R(int) 0.0677
c[A] 21.238(5) R1 [I >2al] 0.0872
«[°] 90 R1 [all data] 0.2048
m 100.200(4) wR2 [I >2al] 0.1184
n°i 90 wR2 [all data] 0.2319
V [ A 3] 7115(3) Data/variables 10234/1009
z 8 Goodness-of-fit 0.959
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4.4.8 Synthesis of
{[Cu(H20)3(4,7-phenanthroline)][OTf]2}n •
(4,7-phenanthroline)2} (20)
Three equivalents of 4,7-phenanthroline (10.0 mg, 5.55 x 102 mmol) and one 
equivalent of [Cu(H20 )6][0Tf]2 (8.7 mg, 1.85 x 10~2 mmol) were dissolved in MeCN (2 
mL). The mixture was stirred for 5 minutes. The product precipitated upon addition of 
'Pr20  as a blue solid. Blue block X-ray quality crystals were obtained upon slow diffusion 
of 'Pr20  into the MeCN solution over a period of 24 hours. Crystalline material was 
isolated by decantation. Yields depended upon the stage at which the crystallization 
process was interrupted; usually when sufficiently sized X-ray quality crystals could be 
isolated. The yield is essentially quantitative if the crystallization process was not 
interrupted.
Table 4.9. Crystal Data and Details of Structure Solution and Refinement for
20
Formula C38H3oS2F6CuN6Oi7 Collection Temp [K] 173(2)
Formula Weight 1084.05 PcaJcd [gem"’] 2.049
Crystal System Monoclinic ft (MoKa) [m m 1] not measured
Space Group P2i/c Min/max trans not measured
a [A] 15.496(11) Unique data 18843
b [A] 23.444(17) R(int) 0.0677
c[A] 22.983(17) R1 [I >2oI] not measured
a[°] 90 R1 [all data] not measured
J3[°l 107.15(1) wR2 [I >2cjI] not measured
rl°l 90 wR2 [all data] not measured
v  [A3] 7978(5) Data/variables not measured
z 8 Goodness-of-fit not measured
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Chapter 5: Utilisation o f 5- or  5?5 ?-  Substituted Bipyridines in 
Coordination Complexes
5.1 Introduction
The construction of molecular polygons is a very fashionable topic of research. 
One of the pioneers in the construction of these types of molecules is Makoto Fujita. He 
published a paper which reports a tetrameric square using 4,4’-bipyridine and a palladium 
ethylene diamine corner.109 Recently, there has been a plethora of literature110"112 in these 
types of constructions and there are several reviews113'114 which cover this area. These 
polygons have a potential application, if the cavity sizes are tunable, in molecular 
recognition.110
These same types of ligands which are capable of forming discrete molecules, also 
have the ability, with appropriate metal building blocks, to generate both 2-D and 3-D 
network assemblies. There has also been a recent influx of literature regarding the 
synthesis and application of these materials115"118, including, but not limited to, catalysis,
i i g
luminescence, NLO, and zeolite analogues.
5.2 Results and Discussion
5.2.1 Ligand Design
There has been countless research performed with 2,2’-bipyridine as a ligand in 
the construction of coordination compounds and in the year 2000 a review in the literature 
appeared which outlines molecules containing two or more 2,2’-bipyridine units which
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have been used in metal-ligand coordination chemistry.120 The 5- and 5,5’- substituted 
2 ,2 ’-bipyridines provide a ligand which possesses the following properties: 1 ) there are 
two sets of donor atoms that cannot coordinate to the same metal centre and 2) a 90° 
angle between sets of donor atoms. Figure 5.1 shows the different 5- and 5,5’- substituted 
ligands used in this study.
Figure 5.1. Line drawings of: a) 4-(2-pyridyl)-pyrimidine, 21 b) 5-cyano-2,2’-bipyridine, 
22 c) 2,2’ ;5’,4” -terpyridine, 23 and d) 4,4’-bipyimidine, 24.
Due to the presence of an inherent 90° angle between the sets of donor atoms in 
each ligand, they can be used to assemble simple planar and discrete molecular polygons. 
There are two types of polygons that can be assembled from such components with a 
choice of metal with suitable coordination geometry: a square or a rectangle. Figure 5.2 
shows the 90° angle generated between a molecule of 4-(2-pyridyl)-pyrimidine, 21, and 
the possible tetrameric polygons generated with this type of ligand.
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r*i^  ■ squareL._i r* rectangle
Figure 5.2. The 90° comer provided by 21 allows for the formation of a tetrameric 
polygon. A molecular square is produced if head to tail arrangements occur or a 
molecular rectangle if head to head and tail to tail arrangements occur.
5.2.2 {[Ag4(21)4][BF4]4}, and {Ag4(21)4][PF6]4 • (CH3N 0 2)2}
The first tetrameric species was formed from the reaction of 21, which was 
prepared by a literature method, 121 and one equivalent of silver tetrafluoroborate or silver 
hexafluorophosphate. X-ray quality crystals were grown from slow diffusion of'Pr20  into 
a solution of CH3NO2 . The new coordination complexes were characterized by X-ray 
crystallography and the structures were determined to be tetrameric squares, 25 and 26. 
Each discrete square contained four Ag(I) metal centres and four molecules of 21. In the 
case where the anion is PF6, 26, there are also two molecules of CH3NO2 in the lattice. 
Figure 5.3 shows the cationic molecular square fonned in the reaction of 21 with silver 
tetrafluoroborate.
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Figure 5.3. X-ray structure of the cationic molecular square 25. Bond distances 
Agl-Nl 2.270(8), Agl-N2 2.356(7), Agl-N6  2.184(7), Ag2-N3’ 2.141(8), Ag2-N4
2.372(8), and Ag2-N5 2.276(7) A.
Each molecule of 21 coordinates to two unique Ag(I) centres, where one molecule 
of 21 chelates to a Ag(I) centre and also coordinates from the exo-nitrogen atom to 
another Ag(I) metal centre. The geometry about each Ag(I) is distorted trigonal planar. 
This geometry for Ag(I) is quite common. 122' 124 The bond angles around Agl and Ag2 in 
this system range from 71.8(3) for Nl-Agl-N2 to 150.8(3)° for Nl-Agl-N 6 .
The A gl...A gl’ distance was determined to be 9.83 A and the Ag2...Ag2’ 
distance was found to be 7.84 A. The distance between Agl and Ag2  was found to be 
6.39 A and the distance from Agl to Ag2 ’ was 6.18 A. This system gives rise to an 
internal area of approximately 40 A2.
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There are layers of anions which separate the tetrameric squares, which are either 
BF4 in 25 or PF6 in 26, and are above or below the plane of the square. The closest 
contact of a Ag(I) metal to a fluorine atom in BF4 in 25 is 2.86(1) A and with a PF6 in 26 
is 2.84(1) A. Also, in 26 there are two molecules of CH3NO2 in the crystal lattice. These 
molecules of CH3NO2 lie above or below the plane of the tetrameric square. Figure 5.4 
shows the layers of anions and solvent molecules in 25 and 26.
r X F2w \ » 2
A g 2
F 2
t
A g 2
A g 2
F8
Figure 5.4. Layers of squares and anions in 25 (top) and 26 (bottom). Closest Ag.. .F 
contacts are 2 .8 6 ( 1 ) A for 25 and 2.84(1) A for 26.
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5.23 {[Ag4(21)4] [OTf]4}
The second tetrameric species which is generated from 21 and a silver salt is a 
molecular rectangle. There are several reports in the literature discussing the synthesis of 
molecular rectangles125'127. To generate a rectangle with 21 and Ag(I), two different types 
of silver coordination are required. In the synthesis of the rectangle, 21 and silver 
trifluoromethanesulfonate in 1 :1  ratio are mixed in MeNC>2 . X-ray quality crystals were 
grown from a slow diffusion of 'P^O into a MeN0 2  solution. This structure revealed the 
presence of a molecular rectangle, 27, which possessed two different coordination 
environments around the Ag(I) centres. In this case, two of the Ag(I) centres are 
essentially square planar which are flanked by two chelating molecules of 2 1  and the 
other two Ag(I) metals are linear which bridge through the exo-nitrogen atoms of 21. 
Figure 5.5 shows the structure of the molecular rectangle 27.
m
Agl
N2N3
A gl
N5
Ag2'
N4
Figure 5.5. X-ray structure of the cation of the molecular rectangle 27. Bond Distances: 
Agl-N2 2.422(5), Agl-N3 2.337(6), Agl-N5 2.378(6), Agl-N6  2.415(6), Ag2-Nl
2.203(5), and Ag2’-N4 2.207(5) A.
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As already mentioned, there are two different geometries around the Ag(I) atoms 
in compound 27. The first geometry occurs around Agl and A g l’. This geometry was 
determined to be a distorted square planar. The angles around the Agl range from 69.0(2) 
for N5-Agl-N6 to 174.9(2)° for N3-Agl-N5. The other geometry around Ag2 and Ag2’ is 
essentially linear; 171.7(2)°. The cationic rectangular unit of 27 is flat but it is not as 
planar as in the molecular squares 25 and 26. The greater distortion from planarity is 
caused by the tetrahedral distortion around Agl and A gl’. In a comparison, it impossible 
to generate a square planar complex with [Pt(2 ,2 ’-bipyridine)2]2+. In this case there is also
pgthe presence of some tetrahedral distortion away from planarity. "
The longest distance is from A g l...A g l’ at 11.22(2) A. The shortest distance is 
determined to be 5.87(1) A, which corresponds to the distance from Ag2 ...Ag2 ’. The 
distances from Agl to Ag2 and A g l’ to Ag2’ are 6.34(1) A and the distances from Agl to 
Ag2’ and A gl’ to Ag2 are 6.33(1) A. The interior area which was calculated using the 
Ag(I) atoms as comers was found to be approximately 40 A2, which is the same area of 
the interior of the molecular squares 25 and 26.
There are layers of OTf anions present above and below the surface of the 
rectangles. Two of the OTf anions have a close contact with the square planar Ag(I) metal 
atoms. The closest Ag...O contact occurs at a distance of 2.57(1) A. However, there are 
also close contacts between the linear Ag(I) atoms and OTf anions. In essence, each OTf 
anion bridges the linearly coordinated Ag2 and Ag2’ atoms and they have close contacts 
of 2.59(1) and 2.83(1) A. The presence of these bridging OTf anions is probably the 
reason why a rectangle is formed over a square with this anion. Figure 5.6 shows an edge 
on view with the four closest OTf anions. Note, that the distortion from planarity is 
clearly visible in this Figure.
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Figure 5.6. Edge on view of the layers of 27. Closest anion contacts: Agl ...0 2  2.57(1), 
A g l’...0 2 ’ 2.57(1), Ag2...04 2.83(1), A g2...06’ 2.59(1), Ag2’. . .0 4 ’ 2.83(1), and
A g2...06 2.59(1) A.
5.2.4 {[Ag(N03)(21)]n}
In an attempt to further determine the influence of the anion on the formation of 
these discrete molecular polygons, silver nitrate and 2 1  were mixed together in a 1 :1  ratio 
of the solvent mixture of DMF:CH3CN. X-ray quality crystals were obtained from a slow 
diffusion of acetone into a solution of 1:1 DMF: CH3CN. Instead of generating a trigonal 
or a combination of square planar and linear Ag(I) metal centres, five coordinate Ag(I) 
centres are formed. In this system, the oxyanion N 0 3 coordinated to the Ag(I) atoms. This 
coordination of N 0 3 anions to the Ag(I) leads to the assembly of a 1-D helical polymer, 
28. Each Ag(I) metal centre is coordinated by a chelating molecule o f 21 and by an exo-
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nitrogen atom from a different molecule of 21. Also, there is a NO3 anion chelating each 
Ag(I) atom. This head to tail coordination motif is one of two ways in which a polymer 
could result. Figure 5.7 shows a schematic of this motif and Figure 5.8 shows the 
coordination sphere of each Ag(I) in this coordination polymer.
<;
<
Figure 5.7. Schematic of a head to tail 1-D polymer involving 21.
Figure 5.8. Coordination sphere of each Ag(I) in 28. Atom distances: 
Agl-Nl 2.347(3), Agl-N2 2.204(3), Agl-N3 2.374(3), A gl-01 2.468(4), Agl-02
2.809(2) A.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
117
Each Ag(I) possesses a distorted trigonal bipyramidal geometry. This is a common 
geometry and has been seen in 1-D coordination polymers, including polymers involving 
1 from Chapter 2. The angles in this system are skewed from expected ones because of 
the presence of a chelating molecule of 21 and a chelating NO3 anion. The angles around 
each Ag(I) in this compound range from 84.8(1)° for N3-Agl-01 to 134.5(1)° for 
Nl-Agl-N2.
Unlike the systems where the anions are BF4, PF6, or OTf, the molecule does not 
cyclize into a tetrameric polygon. The coordinating anion, NO3, plays an important role to 
generate a 1-D polymer. This polymer forms helical 1-D chiral strands, as seen in Figure 
5.9. Using the Seebach notation, a left-handed helix is referred to as M and a right-handed 
helix as P.
Figure 5.9. A 1-D helical coordination polymer, 28. The left- handed (M) helix is shown.
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The Ag(I) to Ag(I) atom distance was determined to be 6.23 A. The length of the 
repeating unit, or the pitch, was found to be 1 0 . 8 6  A. Each part of the repeating unit 
contained two Ag(I) atoms, two molecules of 21, and two NO3 anions.
The 1-D helical strands pack in an interesting fashion. Adjacent strands possess 
the opposite chirality. Figure 5.10 shows this alternating handedness of the 1-D strands.
Figure 5.10. Alternating helical strands of 28. The central strand is left handed, (M) and
the outer strands are right handed (P).
5.2.5 {|Ag2(21)3] [BF4]2}n
In an attempt to determine the effect of altering the metal to ligand ratio, silver 
tetrafluoroborate and 21 were mixed together in a 1:2 ratio in CH3CN. Previous reactions 
involving these components in MeNCk, combine in a 1:1 ratio, resulted in the formation
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of a molecular square, 25. The difference in component ratio results in the formation o f a 
new coordination compound. X-ray quality crystals were grown from a slow diffusion of 
'Pr20  into a CH3CN solution.
The crystal analysis revealed the structure to be a new 1-D coordination polymer, 
29, with a metal to ligand ratio of 1:2. There are two different Ag(I) atoms. Each one is 
four coordinated tetrahedral. The first Ag(I) is coordinated by three different molecules of 
21, one molecule of 21 acts as a chelate, while the other two coordinate through the exo­
nitrogen in a monodentate fashion. The second Ag(I) atom is surrounded by two chelating 
molecules of 21. These chelating molecules of 21 coordinate to the first Ag(I) metal 
through their exo-nitrogen atoms. This coordination motif results in a mixed tail to tail 
and head to head aggregation, which results in the formation of a 1-D polymer. Figure 
5.11 shows a cartoon scheme for this 1-D polymer formation and Figure 5.12 shows the 
coordination sphere for the Ag(I) atom.
A#/A #A
Figure 5.11. Schematic of a mixed head to head and tail to tail 1-D polymer involving 21.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
120
N 3
N1
A g lN 2
N 9  A §2 N 6 1
N 4
N5'
N4'
N 7  N 6 '
Figure 5.12. Coordination sphere of each Ag(I) in 29. Atom distances:
Agl-Nl 2.345(6), Agl-N3 2.266(6), Agl-N4 2.291(6) , Agl-N5 2.366(6) , Ag2-N2 
2.261(6), Ag2-N6’ 2.490(6), Ag2-N7 2.536(6), and Ag2-N9 2.374(6) A.
There is some distortion around both types of Ag(I) centres. Agl which is 
surrounded by two chelating molecules of 2 1  experiences a distortion due to the 
formation of two chelating systems. This chelation causes a decrease of two of the angles 
from the expected 109.5° to 70.9(1) and 71.9(1)° and an increase in the angles between 
the two different molecules of 21 to 113.5(1) and 141.6(1)°. Ag2 also experiences a 
significant distortion from tetrahedral geometry, the smallest angle which occurs between 
the chelating nitrogen atoms was determined to be 71.1(1)°. The greatest angle, 146.2(1)° 
occurs between the chelating molecule of 2 1  and the exo-nitrogen coordinating end of 
another molecule of 2 1 .
This system, like 28 does not cyclize into a discrete molecular entity, but rather 
generates a helical 1-D coordination polymer. There are some interesting structural 
features which differ from 28. The first and most obvious is there are two different types
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of Ag(I) coordination motifs. Also, in every building block, there is a molecule of 21 
which only chelates to a Ag(I) metal centre, the exo-nitrogen does not interact with any 
other atom in any fashion, in essence, this molecule of 2 1  behaves like a molecule of 
2,2’-bipyridine. However, in each 1-D polymer strand, the exo-nitrogen atoms align so 
they all point in the same direction.
The BF4 anions do not interact or interfere with any polymer formation. Figure
5.13 shows one strand of the 1-D coordination polymer 29.
Figure 5.13. One strand of the helical coordination polymer 29. The right handed helix 
(P) is shown. Some of the BF4 anions are omitted for clarity.
The 1-D strands pack in pairs, so two strands are right handed (P) and the next 
two are left handed (M). The switch in handedness occurs when the molecule of 21, 
which does not form an exo-dentate bond align with adjacent strands. Also, when these 
molecules align, the exo-nitrogen atoms alternate from front to back and all of the exo­
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nitrogen atoms on the same strand point in the same direction. However, when the side of 
the strand which contains the two chelating sites is adjacent to the strand containing the 
same coordination environment, the handiness is identical in these two strands. Figure
5.14 shows three strands of the 1-D polymer and the inversion of handiness between the 
strands.
Figure 5.14. Three strands of the 1-D coordination polymer 29. The top strand is left 
handed and the bottom two are right handed. BF4 anions are omitted for clarity.
5.2.6 Extension of the Distance between the Chelate Site and the 
Exo-Coordination Site
In the previous sections, the synthesis of several new discrete molecular polygons 
and 1-D polymers have been presented with various Ag(I) metal salts and 4-(2-pyridyl)- 
pyrimidine, 21. The desire to extend this work to larger ligands, which possess the same
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characteristics as 21, led to the attempted assembly with 22 and 23. These ligands possess 
a larger distance between the chelating site and the bridging site. In the ligand 21, the 
bridging portion of the ligand is contained in the ring system, whereas in 2 2  the bridging 
site was contained in an external cyano group and in 23, in a pyridyl ring.
It was postulated that similar structures as 25-29 could be constructed. However, 
after several attempts with various solvents, reaction conditions, and metal to ligand ratios 
no X-ray quality crystals could be generated. Due to the lability associated with Ag(I) 
pyridine or cyano-type complexes, ’H-NMR spectra yielded no discemable evidence of 
polymer formation or molecular aggregation, all that was visible were broad peaks in the 
aromatic region. ESI-MS was attempted on these solutions as well, and only evidence of a 
1 :1  metal to ligand complex could be discerned.
It is conceivable to synthesize metal complexes that can subsequently act as 
ligands; these are called metallo-ligands. The additional donor atoms allow coordination 
to different metal centers and the generation of some higher ordered mixed-metal species. 
For example, if ligand 21 was chelating to an inert Pt(II) metal center and if the 
arrangements of the exo-dentate donor atoms arranged in a cis arrangement, this metallo- 
ligand could be used to form a mixed-metal species. One specific example is if silver 
trifluoromethanesulfonate was reacted with this metallo-ligand, a mixed-metal rectangle 
could be generated.
In an attempt to generate an inert metal-ligand molecular corner, 30, a Pt(II) 
centre with 22, was used and a X-ray quality crystals were obtained. This complex was 
synthesized by a 2:1 mixture of 22 with [Pt(C2H5CN)4] [OTf] ? 129 in CH3CN. The X-ray 
quality crystals were grown from slow diffusion of ‘Pr20  into an CH3CN solution. The 
crystal structure revealed the molecules of 2 2  were not surprisingly, oriented trans with
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respect to one another in this complex. This compound was also fully characterized by
not reveal whether the molecule was in a cis or a trans arrangement. Figure 5.15 shows 
this complex.
Further reaction of compound 30 with more Pt(II) or any other metal salts resulted 
in no reaction and no further aggregation. This lack of coordination with the cyano groups 
is probably caused by the fact that they are poor donors. This was the only coordination 
complex which could be characterized with either 22 or 23. Further studies were 
conducted with 21 to assemble mixed-metal discrete complexes or polymers.
H-NMR spectroscopy and the hydrogen atom environments were assigned by a 2D- 
COSY NMR experiment. Without the X-ray crystal structure, the 1 H-NMR studies could
Figure 5.15. A trans Pt coordination complex with 22. Atom distances: 
Ptl-N l 2.023(2), Ptl-N2 2.025(2).
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5.2.7 Mixed Metal Molecular Polygons
After probing the types of polygons that could be synthesized with various Ag(I) 
salts, the shift to create discrete, or even polymeric molecules with other coordination 
metals was undertaken.
As previously demonstrated, reactions of silver trifluoromethanesulfonate and 21 
in a 1:1 ratio generated a rectangular complex, 27. An attempt to generate a mixed metal 
polygon was conducted by first mixing silver trifluoromethanesulfonate and 2 1 , and then 
to this mixture was added two equivalents of [Pt(C2H5CN)4] [OTf]2 . This resulted in the 
formation of the previously observed molecular rectangle 27. The Pt(II) metals could not 
be incorporated into the structure by replacing the labile silver nitrogen bonds with inert 
platinum nitrogen bonds, even when this reaction was carried out several times in various 
stoichiometric ratios and with varying solvent conditions. In all occurrences, compound 
27 formed.
5.2.8 { [Pt2A g2(C4H9N3)2(21)4][OTf]6}
In one specific attempt to generate a molecular rectangle with both Pt(II) and 
Ag(I) metal comers, an interesting, yet unexpected structure resulted. It was postulated 
that the Pt(II) metals would adopt the expected square planar geometry with two chelating 
molecules of 21 and the Ag(I) metals would adopt a linear coordination geometry. This 
coordination motif did not occur due the presence of an unexpected side reaction 
occurring with the [PtfCiHsCN^][OTf]2 starting material. During an attempted 
crystallization of this Pt(II) complex, the C2H5CN ligands were exchanged for MeCN
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
126
ligands and these were converted into an acetamide type ligand. ’ This new metal 
comer is an analogue to the metal comers that both the Fujita and Stang research groups 
to generate molecular square assemblies.
A crystal structure of this Pt(II) complex, 31, has been determined. X-ray quality 
crystals were grown from slow diffusion of 'P^O into an MeCN solution. The analysis 
revealed the presence of the new acetamide ligand and two coordinated molecules of 
MeCN. The geometry of the Pt(II) was determined to be square planar. Figure 5.16 shows 
the structure of the new Pt(II) complex, that can be used as a molecular comer building 
block.
N3N1
02 05
-«Ae»
H3AH1A
Ptl
N4
Figure 5.16. X-ray structure of the Pt(II) complex, 31. Bond distances: Ptl-Nl 1.93(2), 
Ptl-N3 1.986(19), Ptl-N4 1.93(2), Ptl-N5 2.06(2), 02...H1A 1.98(1), and 05...H3A
1.97(1) A.
The reaction of two equivalents of 21, and subsequent additions of silver 
trifluromethanesulfonate and 31 in MeCN yielded an unexpected molecular species.
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X-ray quality crystals were grown from slow diffusion of 'Pr20  into an MeCN solution.
The structure revealed the presence of a mixed metal molecular square, 32. Each discrete 
square contained four molecules of 21, two Ag(I) metal centres, and two Pt(II) metal 
complexes. The geometry of the two types of metals are different and in the case o f the 
Ag(I), not predicted.
The Ag(I) metal centres adopted a distorted tetrahedral geometry. Its coordination 
sphere is occupied by two molecules of 2 1  which both act as chelates; this causes a slight 
distortion from the expected angles. The angles range from 72.2 to 141.1°. Each molecule 
of 2 1  possesses an exo-dentate nitrogen atom and these atoms are arranged perpendicular 
to each other in 32. Figure 5.17 shows the coordination sphere o f the Ag(I) metal in 
compound 32.
Figure 5.17. Coordination sphere of each Ag(I) in 32. Bond distances Agl-N2 2.30(2),
Agl-N3 2.25(2) A.
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Each one of the Pt(II) comer pieces adopts a square planar geometry with one 
chelating acetamide ligand and two monodentate coordinating molecules of 21. These 
molecules of 21 contain chelating sites which do not coordinate to the Pt(II), but rather to 
the Ag(I) metals. Figure 5.18 shows the coordination sphere of each Pt(II) metal.
N9
N7
Ptl
N1 N4
Figure 5.18. Coordination sphere of each Pt(II) in 32. Bond distances Ptl-N l 2.00(2), 
Ptl-N4 2.05(2), Ptl-N7 1.72(6), Ptl-N9 2.08(3) A.
The mixed metal molecular square assembles using a combination of the two 
coordination environments of the Ag(I) and Pt(II). The exo-dentate nitrogen atoms 
coordinate to two different Pt(II) centres and the chelation sites of the molecules of 21, 
chelate to unique Ag(I) metal centres. Figure 5.19 (top) shows the structure of the mixed 
metal molecular square without anions and the bottom shows the square with anions 
present.
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Figure 5.19. Structure of the mixed Pt/Ag molecular square 32. Top Figure shows the 
square without anions and the bottom Figure shows the square with OTf anions. Pt(II) 
metals are shown in purple and Ag(I) metals are in yellow.
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The dimensions of compound 32 almost equate to a perfect square. The Ag(I) to 
Pt(II) distances were 6.11 A and 6.19 A. This gives rise to an internal area of 
approximately 38 A2.
5.2.9 Polymeric Assemblies via Symmetrical Ligands
The syntheses of both, discrete molecular polygonal structures (25, 26, and 32) 
and polymers (27-29) have been performed with the use of an asymmetric pyrimidine 
type ligand. Based on the information obtained from these complexes, the same 
methodology was applied to the synthesis of new complexes with symmetric 
bipyrimidine ligands. These symmetric ligands are expected to generate some form a 
polymeric array, either 1-D polymers, or 2-D or 3-D networks. Perhaps, these arrays may 
contain portions of the discrete assemblies observed in previous sections with symmetric 
ligands because the only difference in the symmetric and asymmetric ligands is the 
availability of an additional exo-dentate donor atom to allow for propagation into 
polymeric assemblies.
5.2.10 {[Ag2(24)][OTf]2}n
The ligand 4,4’-bipyrimidine, 24, was synthesized and its ability to form 
coordination complexes with silver metal salts was tested. The only complex that was 
obtained was with OTf. Based upon the formation of a molecular rectangle, 27, with
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silver trifluoromethanesulfonate and 2 1 , a postulated polymeric array of rectangles was 
predicted, as seen in Figure 5.20.
•  •  •
Figure 5.20. A postulated ladder complex using 24.
A mixture of 24 and silver trifluoromethanesulfonate in a 1:2 ratio in MeNC>2 
yielded a new coordination complex, 33. X-ray quality crystals were grown from slow 
diffusion of !PriO into a MeNCb solution. The X-ray analysis revealed the structure of 
this complex to be a ladder-type complex, 33. Two molecules of 24 are chelating to one 
type of Ag(I) and the exo-dentate nitrogen atoms form a linear geometry about a different 
type of Ag(I) metal. This bonding motif is similar to that observed for molecular 
rectangle 27. Figure 5.21 shows the repeating unit of the polymer.
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Figure 5.21. X-ray structure of the repeating unit of the ladder compound 33. Bond 
distances Agl-Nl 2.364(7), Agl-N4 2.467(7), and Ag2-N2 2.183(7) A.
This ladder complex is simply a polymer comprised of rectangles. However, there 
is one difference in the planarity of this complex compared to discrete rectangle 27. In 33, 
the two ligands of 24 essentially lie in the same plane and there is distortion from square 
planar of the rings as compared to 27. Figure 5.22 shows a portion of the ladder complex, 
33.
Figure 5.22. A fragment of the cationic portion of the molecular ladder 33.
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The distance between the two square planar Ag(I) atoms is 11.27 A. This distance 
is only slightly larger than in the discrete rectangle, 1 1 . 2 2  A. The distance between the 
two linear Ag(I) atoms is 5.77 A, which is slightly shorter than the 5.87 A observed for 
27. The diagonal distances from the differing Ag(I) atoms are 6.23 A and 6.43 A. The 
distance in the rectangle complex, 27, was 6.33 A. The internal area of one of the 
repeating rectangles was calculated approximately to be 65A2. This area compares to that 
of the rectangle in 27, which has an approximate area of 6 6  A2.
As in 27, there are layers of anions above and below the plane of the ladder 
complex. The closest Ag(I)...oxygen contact occurs at a distance of 2.66(1) A between 
the square planar silver(I) and one of the OTf oxygens. Also, another OTf anion bridges 
between two of the linear Ag(I) atoms. These distances were determined to be 2.70(1) and 
2.76(1) A. As in the rectangle 27, this bridging is probably what allows the formation of 
the rectangular pieces of the ladder. The two layers of anions, above and below the 
polymer, contact the central layer of the ladder in the same fashion. Fig 5.23 shows an 
edge on view of the layers of the closest OTf anions as well as the cationic ladder.
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Fig 5.23. Edge on view of the layers of 33. Closest anion contacts: Agl ...0 2  2.66(1) A ,  
Ag2...04  2.70(1) A ,  and Ag2...06 2.76(1) A .
5.2.11 {[CoAg2 (24)3(MeCN)2][C104]4 3H20}„
An attempt to generate a 3-D network, with an octahedral metal center, Co(II), 
and 24 and using a different metal, Ag(I) to bridge these Co(II) complexes together was 
performed. A mixture of 24 and [Co(H2 0 )6] [C IO ^ in a 3:1 ratio was combined in MeCN 
in attempt to generate an ML3 octahedral building block. To this ML3 building block was 
added three equivalents of silver perchlorate in MeCN. The Ag(I) metal ions would be 
used to link the ML3 building blocks in order to generate a 3-D mixed metal network.
X-ray quality crystals were grown from slow diffusion of 'Pr20  into an MeCN 
solution. However, the X-ray analysis revealed this ML3 unit did not form, only two 
equivalents of 24 were chelating to the Co(II) metal centres and the two vacant 
coordination sites were occupied by MeCN ligands, this generates an ML2 S2 building
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block. Since only two equivalents of 24 chelated to the Co(II) ions, the network 
generated was only 2-D instead of the expected 3-D. The other equivalent of 24 was used 
to bridge layers together; this bridging will be discussed in detail later in this section.
Each of the Co(II) metal centres adopt an octahedral coordination environment 
with two molecules of 24 and two molecules of MeCN. The two molecules of 24 act as 
chelates and their exo-dentate nitrogen atoms do not coordinate to Co(II). The presence of 
the two chelating molecules causes a slight distortion of the angles in the octahedral 
Co(II). Figure 5.24 shows the coordination sphere of each of Co(II) metal centres in 34.
N4
N 1
C o l
N 1
N 7
iN4'
N7'
Figure 5.24. Coordination sphere of the Co(II) metal ions in 34. Bond distances 
Col-Nl 2.138(8), Col-N4 2.102(8), and Col-N7 2.088(10) A.
Each Ag(I) centre adopts a trigonal planar coordination environment, surrounded 
by three unique molecules of 24. Each one of these molecules of 24 coordinate to the 
Ag(I) atoms exclusively through the exo-dentate nitrogen atoms and there is no chelation 
occurring at the Ag(I) sites. Two of the molecules of 24, bound to Ag(I) are 
simultaneously chelating the Co(II) centres and the other molecule only coordinates to
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Ag(I) metals, this molecule acting as a bridge between layers. Figure 5.25 shows the 
coordination sphere of Ag(I).
Figure 5.25. Coordination sphere of the Ag(I) metals in 34. Bond distances 
Agl-N2 2.283(9) and Agl-N5 2.291(13) A.
The two types of metals, Co(II) and Ag(I), combine into a 2-D network. The exo- 
dentate nitrogen atoms from the molecules of 24 which chelate to the Co(II) coordinate 
also to the Ag(I) atoms. This 1-D polymeric assembly contains Co(II) ions, Ag(I) ions, 
and 24. The Co(II)...Co(II) distance was determined to be 10.33(1) A. There are three 
different Ag(I) to Ag(I) distances in this strand, these are A g l...A g l’, which has a 
distance of 10.65(1) A, Agl...Ag2, which is at a distance of 6.34(1) A, and Ag2 ...Ag2 ’, 
which is at a distance of 12.07(1) A. Figure 5.26 shows the 1-D strand of the Co(II)-Ag(I) 
mixed metal network.
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AglAgl
Col Col
Ag2
Ag2
Figure 5.26. 1-D strand of 34. Co(II) atoms are shown in orange and Ag(I) atoms are 
shown in purple. C104 anions are omitted for clarity.
The structure becomes extended to 2-D through the extra equivalent of 24. This 
molecule of 24 bridges the layers of the 1 -D strands through the Ag(I) metal atoms and 
the exo-dentate nitrogen atoms. The non-coordinating nitrogen atoms in chelating sites on 
the molecule of 24 are trans with respect to one other, and it behaves like a molecule of 
4,4’-bipyridine. These nitrogen atoms interact with molecules of water which occupy the 
cavities created in the structure. The interlayer Co(II)...Co(II) distance was determined to 
be 15.00(1) A and the interlayer Ag(I)...Ag(I) distance was determined to be 11.36(1) A. 
There is no accessible void space available in this network, as the cavities are occupied by 
water molecules and C104 anions. Figure 5.27 shows the 2-D structure of 34.
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Figure 5.27. 2-D network of 34. The CIO4 anions and water molecules are omitted for
clarity.
5.3 Conclusion
The assembly of molecular polygons and helical 1-D polymers have been 
synthesized with a 5- substituted 2,2’-bipyridine based ligand. The versatility of this 
ligand in the construction of these arrays has been studied and the similarities of these 
structures have been outlined. Ligand, 21, in all cases simultaneously coordinated to two 
different Ag(I) ions. This ligand has also been used in the construction of an interesting, 
yet unexpected, mixed-metal Pt(II)-Ag(I), square complex.
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Also, the symmetrical version of this ligand, 24, was used in attempt to generate 
polymeric arrays based upon the information obtained from the coordination of 21. A 
polymeric ladder species, 33, was synthesized and it is in essence a polymeric array of 
rectangles. A mixed-metal coordination network, 34, was also generated. In this case, 
molecules of 24 were coordinated to a Co(II) metal centre and the exo-dentate donor 
atoms were coordinated by Ag(I) atoms. This bridging of Co(II) cores allows for the 
generation of 2-D network. To aid in this assembly, an extra equivalent of 24 is used as a 
pillaring molecule through coordination to the Ag(I)centres. Table 5.1 gives a summary 
of the metals and the corresponding metal to nitrogen bond distances.
Table 5.1. Metal to ligand bond distances in 25 - 29 and 32 - 34.
Bond Lengths (A)
25 26 27 28 29 32 33 34
M-N
bonds
Ag-N
chelate
2.27(1)
2.36(1)
2.37(1)
2.28(1)
2.25(1)
2.44(1)
2.34(1)
2.33(1)
2.42(1)
2.38(1)
2.38(1)
2.41(1)
2.35(1)
2.37(1)
2.43(1)
2.26(1)
2.28(1)
2.37(1)
2.35(1)
2.38(1)
2.25(2)
2.30(2)
2.28(3)
2.33(2)
2.36(1)
2.47(1)
2.28(1)
2.29(1)
2.27(1)
2.30(1)
Ag-N
exo-
2.18(1)
2.14(1)
2.19(1)
2.19(1)
2.20(1)
2.21(1)
2.20(1) 2.26(1)
2.49(1)
2.18(1)
2.19(1)
Pt-N
exo-
2.05(2)
2.08(2)
Pt-N
solvent
1.72(6)
2.00(2)
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Co-N 2.14(1)
chelate 2.10(1)
Co-N 2.09(1)
solvent
5.4 Experimental
5.4.1 General Comments
6-Chloronicotinonitrile was purchased from Alfa Chemicals and was used as 
received. Ligands 21121 and 24133 were prepared from literature procedures.
5.4.2 General X-ray Comments
Compounds 25 and 26 both crystallized in the triclinic centrosymmetric space 
group P(-l) (no. 2) with Z = 2. The presence of a crystallographic inversion centre in the 
centre of the square requires only half of the molecule to be solved. In each case, two 
molecules of 21, two anions, and two Ag(I) atoms had to be solved. In the case of 26, also 
one solvent molecule was required to be solved. There were no restraints applied to the 
data in either case and all non-hydrogen atoms were refined anisotropically.
Compound 27 crystallized in the triclinic centrosymmetric space group P(-l) 
(no. 2) with Z = 2. The presence of a crystallographic inversion centre in the centre of the 
rectangle allows for only half of the molecule to be solved. In this case, two molecules of
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21, two anions, and two Ag(I) atoms had to be solved. There were no restraints applied to 
the data and all non-hydrogen atoms were refined anisotropically.
Compound 28 crystallizes in the monoclinic centrosymmetric space group P 2\tn  
(no. 14) with Z = 4. In this case, one molecule of 21, one anion, and one Ag(I) atom had 
to be solved. In the unit cell there are both hands of the helical coordination polymer. 
Only one hand needed to be solved and the symmetry of the cell generates the other hand. 
There were no restraints applied to the data and all non-hydrogen atoms were refined 
anisotropically.
Compound 29 crystallizes in the monoclinic centrosymmetric space group P2\lc 
(no. 14) with Z = 4. In this case, three molecules of 21, two anions, and two Ag atoms 
needed to be solved. In the unit cell there are both hands of the helical coordination 
polymer. Only one hand needed to be solved and the symmetry of the cell generates the 
other hand. There was one restraint applied to the data and all non-hydrogen atoms were 
refined anisotropically. One of the BF4 anions was not a perfect tetrahedron, to rectify 
this, the SAME command was applied.
Compound 30 crystallizes in the monoclinic centrosymmetric space group P 2\/c  
(no. 14) with Z = 2. In this case, one molecule of 22, one anion, and one Pt(II) atom had 
to be solved. There were no restraints applied to the data and all non-hydrogen atoms 
were refined anisotropically.
Compound 31 crystallizes in the monoclinic centrosymmetric space group P2\Sc 
(no. 14) with Z = 4. The entire molecule needed to be solved; this comprised one metal, 
two anions, two acetonitrile molecules, and one chelating acetamide ligand. There were 
no restraints applied to the data and all non-hydrogen atoms were refined anisotropically. 
There was the existence of two high residual peaks near the acetonitrile ligands. These
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peaks were at a height of 7.43 and 3.16 and their distances from the nitrogen atoms were 
1.28 and 1.19 A. These residuals were not solved and their identity is unknown and they 
were ignored.
Compound 32 crystallizes in the monoclinic centrosymmetric space group Cite 
(no. 15) with Z = 4. The presence of a crystallographic inversion centre in the centre of 
the square allows for only half of the molecule to be solved. In this case, two molecules 
of 21, three anions, one Pt(II) corner, one Ag(I) atom had to be solved. All non-hydrogen 
atoms were refined anisotropically. Two of the three OTf anions were constrained to 
behave like the third anion using the SAME command.
Compound 33 crystallizes in the triclinic centrosymmetric space group P(-l) 
(no. 2) with Z = 2. In this case, one molecule of 24, two anions and two Ag(I) atoms had 
to be solved. All non-hydrogen atoms were refined anisotropically. One of the two OTf 
anions was modeled using the SAME command.
Compound 34 crystallizes in the orthorhombic centrosymmetric space group 
Pbcm (no. 57) with Z = 4. In this case, three molecules of 24, four anions, two MeCN 
molecules, two water molecules, one Co(II) atoms, and two Ag(I) atoms had to be solved. 
All non-hydrogen atoms were refined anisotropically. The chelating nitrogen atoms of the 
bridging molecule of 24 were disordered, this disorder was modeled by using the PART 
command.
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5.43 Synthesis of S-Cyano-2,25 -Bipy ridine (22)
To a stirring a solution of 6-chloronicotinonitrile (0.313 g, 2.26 mmol) and 6 mol 
percent of PdCl2(PPh3)2 (0.095 g, 1.36 x 10'1 mmol) in dry, degassed toluene (30 mL) in a 
Schlenk flask was added a 1.2 mol equivalent of 2-tributylstannylpyridine134 (1.0 g, 2.71 
mmol). This mixture was refluxed for 3 days, under an N2 environment. The mixture was 
allowed to cool to room temperature and the product was treated with 2 M HC1 (50 mL). 
The aqueous layer was separated from the toluene layer, and the acid layer was made 
basic (pH 9) with 5 M NaOH. The product was extracted with CH2CI2 (3 x 75 mL). The 
combined organic layers were dried with MgS04 and the solvent was removed by rotary 
evaporation. The product was collected as a white solid. Product purity was determined 
by 'H-NMR spectroscopy. No further purification was necessary. Yield: 0.3 g (73%). *H- 
NMR (5, ppm, CDCI3): 8.92 (d, % - r  = 2.0 Hz, H60, 8.71 (d, 3J6_5 = 6.0 Hz, H6), 8.58 (d, 
3J3M- = 8.3 Hz, Hr), 8.47 (d, 3J3-4 = 7.9 Hz, H3), 8.07 (dd, 3J4>-r = 8.3 Hz, V 6’ = 2.0 Hz, 
Hr), 8.02 (td, 3J4.3 = 7.9 Hz, 3J4.5 = 3.7 Hz, H 4), and 7.39 (dd, 3J5-6 = 6.0 Hz, 3J5.4 = 3.7 
Hz, H5).
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SA A  Synthesis of 2929;5’94” -Terpyridine (23)
A 10 mol percentage of PdCl2(PPh3)2 (0.090 g, 1.28 x SO"1 mmol) was placed in a 
Schlenk flask with dry degassed toluene (5 mL) and stirred under N2 for 30 minutes. 
5-Bromo-2,2’-bipyridinelj5 (0.30 g, 1.28 mmol) was added under N2 and was stirred for 
an additional 30 minutes. Finally, to this mixture was added 2 equivalents of 
4-trimethylstannylpyridine25 (0.62 g, 2.55 mmol) in toluene (5 mL) via syringe. The 
mixture was allowed to reflux for 3 days. The reaction was allowed to cool to room 
temperature and the mixture was treated with 2 M HC1 (60 mL). The aqueous layer was 
separated from the toluene layer and was made basic (pH 9) with 5 M NaOH. The 
aqueous layers were extracted with CH2C12 (3 x 100 mL). The combined organic layers 
were dried with MgS04 and the solvent was removed by rotary evaporation. The product 
was purified by column chromatography (Si02, 8% MeOH/CH2Cl2, Rf = 0.45). The 
product was collected as a white microcrystalline solid. Yield: 0.11 g (35%). ’H-NMR (8 
, ppm, CDCI3): 8.96 (d, 4J6M- = 2.1 Hz, H6>), 8.73 (dd, 3J2-_3- = "V,v = 5.7 Hz, 4Jr-.6- =
1.6 Hz, Hr -, H6"), 8.71 (d, 3J6-s = 4.6 Hz, H6), 8.55 (d, 3J3-_4- = 8.3 Hz, H3-), 8.46 (d, 3J3.4 
= 7.7 Hz, H3), 8.07 (dd, 3J4-.3- = 8.3 Hz, 4J4-.6- = 2.1 Hz, H40, 7.85 (pseudot, 3J4.3 = 3J4_s =
7.7 Hz, H4), 7.57 (dd, 3J3-._r > = 3J5-_6- = 5.7 Hz, 4J3-.5” = 1.6 Hz, H3- H5-), and 7.33 (dd, 
3j 3-4 = 7.7 Hz, 3J5.6 = 4.6 Hz, H5).
h 2 "
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5,4.5 Synthesis of {[Ag4 (4“(2»pyridyl)-pyrimicIiiie)4]|[BF4]i4} (25)
One equivalent of 4-(2-pyridyl (-pyrimidine (10.0 mg, 6.36 x 10"2 mmol) and one 
equivalent of silver tetrafluoroborate (12.4 mg, 6.36 x 102 mmol) were dissolved in 
MeNO? (2 mL). The mixture was stirred for 5 minutes. The product precipitated upon the 
addition of 'Pr20  as a white solid. Colourless block X-ray quality crystals were obtained 
by slow evaporation of the M eN02 solution over a period of 72 hours. Crystalline 
material was isolated by decantation. Yields depended upon the stage at which the 
crystallization process was interrupted; usually when sufficiently sized X-ray quality 
crystals could be isolated. The yield is essentially quantitative if the crystallization 
process was not interrupted.
Table 5.2. Crystal Data and Details of Structure Solution and Refinement for
25
Formula C i8 H u A g 2B 2F8N6 Collection Temp [K] 289(2)
Formula Weight 703.71 Pealed [g C m 1] 2.009
Crystal System Triclinic 11 (MoK<x) [m m 1] 1.768
Space Group P(-1) Min/max trans 0.0362/0.0584
a  [A] 7.8407(14) Unique data 4067
M A ] 9.2136(16) R(int) 0.0145
c [A ] 17.007(3) R1 [I >2al] 0.0712
a[°] 102.984(3) R1 [all data] 0.0724
m 94.837(3) wR2 [I >2al] 0.2352
ri°] 101.366(3) wR2 [all data] 0.2396
v  [A3] 1163.1(4) Data/variables 2402/326
z 2 Goodness-of-fit 1.134
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5.4.6 Synthesis of {[Ag4 (4“(2-pyridyl)-pyrimidine)4J[PF6]4 •
(CH3N 02)2} (26)
One equivalent of 4-(2-pyridyl)-pyrimidine (10.0 mg, 6.36 x 10 2 mmol) and one 
equivalent of silver hexafluorophosphate (16.1 mg, 6.36 x 10"2 mmol) were dissolved in 
MeN02 (2 mL). The mixture was stirred for 5 minutes. The product precipitated upon the 
addition of 'Pr20  as a white solid. Colourless block X-ray quality crystals were obtained 
by slow diffusion of 'Pr20  into a solution of M eN02 solution over a period of 24 hours. 
Crystalline material was isolated by decantation. Yields depended upon the stage at which 
the crystallization process was interrupted; usually when sufficiently sized X-ray quality 
crystals could be isolated. The yield is essentially quantitative if the crystallization 
process was not interrupted.
Table 5.3. Crystal Data and Details of Structure Solution and Refinement for
26
Formula C i0H ,oA gF 6N 40 2P Collection Temp [K] 293(2)
Formula Weight 4 40 .5 4 Pealed [gem '] 2.180
Crystal System Triclinic 11 (Mok«) [mm'1] 1.697
Space Group P ( - l ) Min/max trans 0.6775/1.0000
a [A] 9.4729(9) Unique data 10543
b [A] 10.2857(10) R(int) 0.0292
c [A] 14.5391(14) R1 [I >2al] 0.0463
a[°] 91.668(2) R1 [all data] 0.0530
f i n 108.538(2) wR2 [I >2gI] 0.1191
rt°] 90.544(2) wR2 [all data] 0.1265
v  [A3] 1342.3(2) Data/variables 4718/397
z 4 Goodness-of-fit 1.072
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5.4.7 Synthesis of {[Ag4 (4-(2-py ridyl)-py rimidine)4][OTf]4} (27)
One equivalent of 4-(2-pyridyl)-pyrimidine (10.0 mg, 6.36 x 10"2 mmol) and one
_2
equivalent of silver triflouomethanesulfonate (16.3 mg, 6.36 x 10" mmol) were dissolved 
in MeNO? (2 mL). The mixture was stirred for 5 minutes. The product precipitated upon 
the addition of 'Pr20  as a white solid. Colourless block X-ray quality crystals were 
obtained by slow diffusion of 'Pr20  into a solution of MeNOo solution over a period of 24 
hours. Crystalline material was isolated by decantation. Yields depended upon the stage at 
which the crystallization process was interrupted; usually when sufficiently sized X-ray 
quality crystals could be isolated. The yield is essentially quantitative if the crystallization 
process was not interrupted.
Table 5.4. Crystal Data and Details of Structure Solution and Refinement
for 27
Formula C]0H7AgF3N3O3S Collection Temp [K] 293(2)
Formula Weight 414.12 Pealed [ g C m 1] 2.042
Crystal System Triclinic P  ( M o k cO [ m m " 1] 1.699
Space Group P(-1) Min/max trans not measured
a  [A ] 10.1267(13) Unique data 5794
b[  A] 10.4529(14) R(int) 0.0091
c [A ] 13.5037(19) R1 [I >2gI] 0.0486
«[°] 81.403(2) R1 [all data] 0.0539
pn 72.533(2) wR2 [I >2al] 0.1365
n°i 89.410(2) wR2 [all data] 0.1422
V [A3] 1347.3(3) Data/variables 3843/379
z 4 Goodness-of-fit 1.068
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5.4.8 Synthesis of {[Ag (N 0 3)(4-(2-pyridyl)-pyrimidme)]n} (28)
One equivalent of 4-(2-pyridyl)-pyrimidine (10.0 mg, 6.36 x 10" mmol) and one 
equivalent of silver nitrate (10.8 mg, 6.36 x 10 2 mmol) were dissolved in a 1:1 mixture of 
DMF:MeCN (2 mL). The mixture was stirred for 5 minutes. The product precipitated 
upon the addition of acetone as a white solid. Colourless block X-ray quality crystals 
were obtained by slow diffusion of acetone into the DMF:MeCN solution over a period of 
48 hours. Crystalline material was isolated by decantation. Yields depended upon the 
stage at which the crystallization process was interrupted; usually when sufficiently sized 
X-ray quality crystals could be isolated. The yield is essentially quantitative if the 
crystallization process was not interrupted.
Table 5.5. Crystal Data and Details of Structure Solution and Refinement for
28
Formula C 9H 7A g N 40 3 Collection Temp [K] 289(2)
Formula Weight 327.06 Pealed [gem1] 2.068
Crystal System Monoclinic ji (M okcx) [m m 1] 1.920
Space Group P2]!n Min/max trans 0.0851/0.1452
a[k] 5.432(2) Unique data 4381
b[  A] 10.860(5) R(int) 0.0136
c [A] 18.009(8) R1 [I >2gI] 0.0279
a[°] 90 R1 [all data] 0.0299
pn 98.486(6) wR2 [I >2gI] 0.0741
n°] 90 wR2 [all data] 0.0764
v  [A3] 1050.7(8) Data/variables 1490/154
z 4 Goodness-of-fit 1.085
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
1 4 9
5.4.9 Synthesis of {[Ag2 (4-(2-pyridyl)-py rimldine)3][BF4]2}n (29)
Two equivalents of 4-(2-pyridyl)-pyrimidine (10.0 mg, 6.36 x 10’2 mmol) and one 
equivalent of silver tetrafluoroborate (6.2 mg, 3.18 x 10~2 mmol) were dissolved in MeCN 
(2 mL). The mixture was stirred for 5 minutes. The product precipitated upon the addition 
of 'Pr20  as a white solid. Colourless block X-ray quality crystals were obtained by slow 
diffusion of 'Pr20  into a solution of MeCN solution over a period of 24 hours. Crystalline 
material was isolated by decantation. Yields depended upon the stage at which the 
crystallization process was interrupted; usually when sufficiently sized X-ray quality 
crystals could be isolated. Yield was not determined.
Table 5.6. Crystal Data and Details of Structure Solution and Refinement for
29
Formula C27H2 1 Ag2B2N9F8 Collection Temp [K] 293(2)
Formula Weight 860.89 Pealed [gem1] 1.806
Crystal System Monoclinic ft (Mokoc) [rnm1] 1.320
Space Group P2]/c Min/max trans 0.0868/0.1451
a [A] 14.723(8) Unique data 13037
b{ A] 8.738(5) R(int) 0.0218
c [A] 25.125(14) R1 [I >2al] 0.0552
«[°] 90 R1 [all data] 0.0741
pn 101.630(10) wR2 [I >2al] 0.1737
n°] 90 wR2 [all data] 0.1858
V [A3] 3166(3) Data/variables 4504/434
z 4 Goodness-of-fit 1.051
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
150
5*4.10 Synthesis of {[trams- Pt(5-CN-2,2’-bipyridiee)2][OTf]2} (30)
Two equivalents of 5-CN-2,2’-bipyridine (10.0 mg, 5.91 x 10~2 mmol) and one 
equivalent of [Pt(C2H3CN)4][OTf]2130 (20.8 mg, 2.96 x 10' 2 mmol) were dissolved in 
MeCN (2 mL). The mixture was stirred for 5 minutes. The product precipitated upon the 
addition of 'Pr20  as a white solid. Colourless block X-ray quality crystals were obtained 
by slow diffusion of 'Pr20  into a solution of MeN02 solution over a period of 24 hours. 
Crystalline material was isolated by decantation. Yields depended upon the stage at which 
the crystallization process was interrupted; usually when sufficiently sized X-ray quality 
crystals could be isolated. Yield was not measured. *H-NMR (5, ppm, CD3CN): 8.97 (d, 
% A’ = 1.9 Hz, H6’), 8.72 (d, 3J6.5 = 4.8 Hz, H6), 8.53 (d, 3J3M’ = 8.4 Hz, Hr ), 8.47 (d, 
3J3_4 = 7.8 Hz, H3), 8.23 (dd, 3J4vr = 8.4 Hz, 4J4--6’ = 1.9 Hz, H4O, 8.02 (pseudot, 3J4.5 = X  
3 = 7.8 Hz, H4), and 7.54 (dd, 3J5-4 = 7.8 Hz, 3J5.6 = 4.8 Hz, H5).
Table 5.7. Crystal Data and Details of Structure Solution and Refinement for
30
Formula C24H]4PtF6N6 0 6 S2 Collection Temp [K] 273(2)
Formula Weight 855.62 Pcaicd [gem ] 2.108
Crystal System Monoclinic fi (Mok«) [mm-1] 5.455
Space Group P2\!c Min/max trans 0.6654/1.0000
a [A] 9.7092(10) Unique data 10138
b [A] 12.0481(13) R(int) 0.0162
c[A] 12.2158(13) Rl [I >2<j I] 0.0192
a \ ° ] 90 Rl [all data] 0.0208
m 109.379(2) wR2 [I >2al] 0.0472
r l 0} 90 wR2 [all data] 0.0480
v [A3] 1348.0(2) Data/variables 2370/205
z 2 Goodness-of-fit 1.092
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5.411 Synthesis of {[Pt (C4N3H9)(CH3CN)2][OTfJ2} (31)
The product was obtained from a decomposition of [Pt(C2H5CN)4] [OTfJ2 over a 
two week period sitting at room temperature in a sealed vial on the bench top. The 
product was isolated as a blue solid. X-ray quality crystals were obtained from a slow 
diffusion of 'Pr20  into a solution of MeCN after 24 hours. Conversion percentage was not 
measured.
Table 5.8. Crystal Data and Details of Structure Solution and Refinement for
31
Formula CioH] sPtF 6N5O5S? Collection Temp [K] 293(2)
Formula Weight 674.48 Pealed [gem ’] 1.843
Crystal System Monoclinic fi (Mok«) [mm'1] 6 . 0 2 1
Space Group P2]/c Min/max trans 0.3096/1.0000
a [A] 18.0893(19) Unique data 13620
b[  A] 17.3590(18) R(int) 0.0546
c [A] 7.8078(8) Rl [1 >2cfI] 0.1104
«[°] 90 Rl [all data] 0.1171
m 97.495(2) wR2 [I >2cjI] 0.2585
n°] 90 wR2 [all data] 0.2637
v  [A3] 2430.8(4) Data/variables 4157/273
z 4 Goodness-of-fit 1.154
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5.4.12 Synthesis of {[Ag2Pt2 (4-(2-pyridyl)-pyrimidine)4
(C4N3H9)2][OTf]6} (32)
Two equivalents of 4-(2-pyridyl)-pyrimidine (10.0 mg, 6.36 x IQ"2 mmol) and one 
equivalent of silver triflouomethanesulfonate (8.2 mg, 3.18 x 10"2 mmol) were dissolved 
in MeCN (2 mL). The mixture was stirred for 5 minutes. To this mixture was added one 
equivalent of [P t^^FLX M eC N LJfO Tfh (10.7 mg, 3.18 x 102 mmol). The mixture was 
stirred for 5 minutes. The product precipitated upon the addition of 'Pr20  as a blue solid. 
Blue block X-ray quality crystals were obtained by slow diffusion of 'Pr20  into a solution 
of M eN02 solution over a period of 24 hours. Crystalline material was isolated by 
decantation. Yields depended upon the stage at which the crystallization process was 
interrupted; usually when sufficiently sized X-ray quality crystals could be isolated. Yield 
was not recorded.
Table 5.9. Crystal Data and Details of Structure Solution and Refinement for
32
Formula C 50H 4 o A g 2 F  jgN^Oi 8P t 2S 6 Collection Temp [K] 273(2)
Formula Weight 2321.28 Pealed  [gem"’] 1.877
Crystal System Monoclinic fi (MoK«) [mm 1] 4.129
Space Group C2/c Min/max trans 0.3563/1.0000
a [A] 19.046(3) Unique data 18346
b [A] 20.775(3) R(int) 0.1072
c [A] 21.390(3) Rl [1 >2ctI] 0.1182
a[°] 90 Rl [all data] 0.1640
pn 103.981(3) wR2 [I >2al] 0.3107
n°i 90 wR2 [all data] 0.3357
V [A3] 8213(2) Data/variables 4270/370
z 4 Goodness-of-fit 1.100
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5.4.13 Synthesis of {[Ag3 (4,4’ -bipyrimidine^] [OTf]4}„ (33)
One equivalent of 4,4’-bipyrimidine (10.0 mg, 6.36 x 10'2 mmol) and two 
equivalents of silver triflouomethanesulfonate (32.6 mg, 1.27 x 10"1 mmol) were 
dissolved in MeNCF (2 mL). The mixture was stirred for 5 minutes. The product 
precipitated upon the addition of 'Pr^O as a white solid. Colourless block X-ray quality 
crystals were obtained by slow diffusion of 'Pr^O into a solution of MeNO? solution over 
a period of 24 hours. Crystalline material was isolated by decantation. Yields depended 
upon the stage at which the crystallization process was interrupted; usually when 
sufficiently sized X-ray quality crystals could be isolated. The yield is essentially 
quantitative if the crystallization process was not interrupted.
Table 5.10. Crystal Data and Details of Structure Solution and Refinement for
33
Formula C i 8H i2 A g 3 F 9 N 120 9 S 3 Collection Temp [K] 293(2)
Formula Weight 1087.16 Pealed  [g C m '1] 2.156
Crystal System Triclinic | l  (M okcx) [ m m 1] 2.032
Space Group P ( - l ) Min/max trans 0.8250/1.0000
a [A] 7.8638(7) Unique data 6664
b [  A] 9.6992(9) R(int) 0.0224
C [A] 11.2680(10) Rl [I >2al] 0.0667
«[°] 84.012(2) Rl [all data] 0.0748
/3[°] 88.758(2) wR2 [I >2ctI] 0.1779
rl°] 78.403(2) wR2 [all data] 0.1829
V [A3] 837.30(13) Data/variables 2927/268
Z 1 Goodness-of-fit 1.092
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
1 5 4
5.4.14 Synthesis of {[CoAg2 (4,4’ -bipyrimidine)3(MeCN)2] [C104]4 •
3H20}n (34)
Three equivalents of 4,4’-bipyrimidine (10.0 mg, 6.36 x 10‘2 mmol) and one 
equivalent of [Co(H20)e][CIO ^ (7.6 mg, 2.12 x 10"2 mmol) were dissolved in MeCN (2 
mL). The mixture was stirred for 5 minutes and to this mixture was added three 
equivalents of silver perchlorate (13.1 mg, 6.36 x 10"2 mmol) in MeCN. The mixture was 
stirred for 5 minutes. The product precipitated upon the addition of 'Pr20  as an orange 
solid. Orange block X-ray quality crystals were obtained by slow diffusion of ‘Pr20  into a 
solution of MeN02 solution over a period of 24 hours. Crystalline material was isolated 
by decantation. Yields depended upon the stage at which the crystallization process was 
interrupted; usually when sufficiently sized X-ray quality crystals could be isolated. The 
yield is essentially quantitative if the crystallization process was not interrupted.
Table 5.11. Crystal Data and Details of Structure Solution and Refinement for
34
Formula C28H24Ag2Cl4CoN 14O20 Collection Temp [K] 173(2)
Formula Weight 1293.08 Pealed  [gem4] 1.999
Crystal System Orthorhombic F (Mok«) [mm1] 1.614
Space Group Phcm Min/max trans 0.6039/1.0000
a [A] 15.001(7) Unique data 23147
b[  A] 14.016(7) R(int) 0.0328
c[A] 20.654(10 Rl [I > 2 < t I ] 0.1032
a[°] 90 Rl [all data] 0.1044
p n 90 wR2 [I >2oI] 0.2337
H°] 90 wR2 [all data] 0.2343
V [A3] 4342(4) Data/variables 3816/346
z 4 Goodness-of-fit 1.312
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Chapter 6: Utilisation o f 6 -Substituted Bipyridines in 
Coordination Complexes
6.1 Introduction
The simplest aggregate that can be conceived involving transition metal ions and 
ligands is the molecular dimer, which requires the assembly of two metal centres and two 
bridging ligands. The formation of discrete molecular dimers is prevalent in the 
literature,136"141 some examples of these dimers include a phthalocyanine dimer,142 a 
dinuclear copper(II) complex with a dicarboxamide ligand,14'1 and a mixed oxidation state 
copper(I)/(II) dimer with a dipyridylsulfide ligand.144 In the latter two examples, upon 
changing the reaction conditions, the dimer is not generated. If a base is added to the 
dicarboxamide ligand, the dimer structure does not form, but rather a tetrameric [2x2] 
grid like structure results. If the reaction mixture is heated containing the dipyridylsulfide 
ligand, an infinite sheet structure results.
Heating the reaction mixture or the addition of base are not the only ways to 
convert from a dimer into a polymeric array. Another valid method to achieve this is by 
changing from one anion to another.145 This phenomenon is known simply as anion 
dependence.146,147 In these cases, all of the reaction conditions are identical except for the 
counter anion associated with the metal complexes. The end result is that the final 
complexes are different and in some cases significantly different.
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6.2 Results and Discussion
6.2.1 Ligand Design
As in the ligands used in Chapter 5 for the construction of molecular polygons and 
2-D networks, the donor sites of the 2,2-bipyridine derivatives synthesized herein are 
incapable of coordination to the same metal centre, thus they must bridge between two 
different metal ions. Again, this fact allows for the construction of discrete molecules as 
well as 1-D polymers. The 6-substituted 2,2’-bipyridine molecules contain an inherent 
30° angle between the coordination sites available to metals. This angle provides the 
opportunity to generate some structurally interesting complexes. These ligands all contain 
the same feature of possessing a chelation site and as well as an exo-coordination site. 
The overall difference is the distance between these two donor atom sites. Figure 6.1 
shows the different ligands which were used in this study.
Figure 6.1. Line drawings of: a) 2,2’;6’,4” -terpyridine, 35 b) 6-cyano-2,2’-bipyridine, 36 
and c) 6-(4-cyanophenyl)-2,2’-bipyridine, 37.
a)
N
c)
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These 6-substituted 2,2’-bipyridine ligands can form two different types of 
structures when coordinated to metals. If the metal complex cyclizes, from the 
combination of two metal centres and two ligands, a molecular dimer forms. The other 
type of structure which could be produced is a 1-D polymer. These polymers would 
possess the same metal to ligand ratio, 1:1, as with the dimers. A schematic representation 
of these structures can be seen in Figure 6.2.
Chelating
D im er
Polym er
Figure 6.2. The 30° comer provided by the 6-substituted-2,2’-bipyridine ligands allows 
for the formation of two different types of structures, a dimer or a polymer. Ligand 35 is
shown as an example.
6.2.2 {[Ag2(35)2J[X]2}, X = BF4 or C104 and {[Ag2(N 0 3)2(35)2}
The first of the two types of structures was obtained using 2,2 ’ ;6 ’ ,4 ” -tepyridine, 
35, which was prepared from a modified literature procedure,148 and either silver 
tetrafluoroborate, silver perchlorate, or silver nitrate. These starting components were 
mixed in a 1:1 ratio in an appropriate solvent mixture, for 38 MeN02 and for 39 and 40 a
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1:1 mixture of DMF and MeCN. X-ray quality crystals were grown from a slow 
evaporation of MeNC>2 for 38 or a slow diffusion of acetone into the DMF:MeCN 
solution for 39 and 40. The X-ray structures for these complexes were determined to be 
molecular dimers, 38-40. Two of these complexes, 38 and 39, form an isomorphous pair 
and are isostructural with 40 and they all contain two molecules of 35 and two silver ions.
Each of the silver metal centres is coordinated to two different ligands, one via 
chelation and the other through the pyridine portion of the ligand. Figure 6.3 shows the 
coordination sphere of each of the silver centres.
N 2N1
N3'.
Figure 6.3. The coordination sphere of each silver centre in compounds 38, 39, and 40.
Bond Distances in 38 and 39: Agl-Nl 2.222(6) and 2.193(19), Agl-N2 2.455(5) and 
2.466(15), and Agl-N3’ 2.171(5) and 2.177(19) A and in 40 Agl-Nl 2.218(3), Agl-N2
2.489(3), Agl-N3’ 2.179(3) A.
The coordination geometry of the silver metals in the dimer is distorted trigonal, 
with all of the silver nitrogen bonds in the same plane. Due to the occurrence of chelation, 
the geometry is not perfect, the bite angle in the chelating site is a significant amount less 
than 120°, thus causing an increase in the other angles around the silver centre and the
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greatest angle occurs between N l-A gl-N 3\ which is around 160° in all three of the 
dimers.
These ligands and metals assemble together to cyclize into dimers 38, 39, and 40. 
Figure 6.4 shows these dimers. Each of the silver atoms interacts with the anions in the 
structure. In the case of BF4, there are silver fluorine interactions, and similarly in C104 
and N 03, there are silver oxygen interactions.
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Figure 6.4. Molecular dimers 38 (top), 39 (middle), and 40 (bottom). Silver anion 
interactions are shown. The closest silver fluorine interactions in 38: A gl...F l 3.24(1) 
and A gl...F2 3.05(1) A. The closest silver oxygen interactions in 39: A gl...01  3.16(1) 
and A gl...03  3.01(1) A and in 40: A gl...01  2.78(1) and A g l...0 2  3.07(1) A.
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These complexes are not completely planar. The pyridyl rings turn away from 
each other to minimize steric repulsion between the hydrogen atoms. The torsion angle 
between the rings is 45° in 38 and 39 and 47° in 40.
Finally, the silver to silver atom distances were determined to be 6.57 A in 38 and 
39. This distance increases to 6.72 A in 40. As will be shown in later sections of this 
Chapter, the distance can be varied by changing the exo-coordination site attached to the 
2,2’-bipyridine units.
Michael Hannon et al. have synthesized molecular dimers involving very similar 
terpyridine ligands to those in this study. The one difference is on their ligand there is a 
thiomethyl (SMe) group on the backbone. They generate dimers, but these dimers are 
linked together through the SMe groups using additional silver(I) atoms. The overall 
structure is a 1-D strand of interlinked dimers.149
6.23 {Ag(35)][OTf] • (CH3N 0 2)}n
The second type of structure was obtained with a 1:1 mixture of 35 and silver 
trifluoromethanesulfonate in MeNCb. X-ray quality crystals were grown from slow 
evaporation of MeNCb over a period of several days. The X-ray analysis showed this 
compound, 41, to be a helix. As with the molecular dimers, the coordination geometry of 
each of the silver(I) atoms in the helix is trigonal. Each silver(I) is coordinated by two 
different molecules of 35, one chelating and one coordinating through the pyridine from a 
different molecule of 35, as seen in Figure 6.3.
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There are only slight differences in the silver to nitrogen bond distances for 41 in 
comparison to the same distances for compounds 38 -  40. Table 6.1 outlines the bond 
distances in all four of the complexes involving 35.
Table 6.1. Ag-N Bond Distances in 38 -  41.
Bond Lengths (A)
38 39 40 41
Ag-N bond
chelate
Agl-Nl
Agl-N2
2.222(4)
2.455(5)
2.193(19)
2.466(15)
2.218(3)
2.489(3)
2.257(4)
2.403(4)
monodentate
Agl-N3’ 2.171(5) 2.177(19) 2.179(3) 2.168(4)
As in the dimers, the chelating molecule of 35 causes a significant decrease in the 
expected angles of trigonal coordination geometry. The bite angle from the chelate ring 
was approximately 72°. The angles between the nitrogen atoms in the chelate to the 
pyridine nitrogen atom are smaller than those from the dimer, and these two angles are 
similar. These angles were determined to be approximately 135 and 147°. This subtle 
difference in the angles is presumably a consequence, of the formation of a helix versus a 
dimer. The pyridyl ring rotates at an angle of 33.2° away from the plane of the 2,2’- 
bipyridine unit. This rotation is about 12° lower than that observed in dimers 38-40. One 
of the possible explanations is the absence of steric crowding in the polymeric structure of 
41. Figure 6.5 shows one strand of this 1-D polymer. The overall ratio of silver to ligand
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is maintained at 1:1, as in the dimers. There is a one molecule of MeNCb present per 
formula unit which does not participate in any interactions.
Figure 6.5. 1-D strand of the helical coordination polymer 41. The right handed helix (P)
is shown.
The Ag(I) to Ag(I) metal distance was determined to be 6.7 A, This inter-metal 
distance is very similar to those observed in the molecular dimers 38 -  40. The repeating 
unit of the polymer consists of two molecules of 35, two Ag(I) metal atoms, two non­
coordinating OTf anions and two molecules of MeNCA and the pitch was calculated to be 
7.4 A.
The packing of the strands of the 1-D helical coordination polymer, 41, occurs in a 
manner, similar to the 1-D helical polymer, 28. Adjacent strands pack in opposite hand 
and they also interdigitate. Figure 6.6 illustrates the packing. Another packing motif 
observed is the rc-stacking between rings of the 2,2’-bipyridine portion, in adjacent
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strands. These rings are oriented 180° from one another and they stack at a distance of 
3.54 A.
Figure 6.6. Packing of the adjacent strands of the 1-D helical coordination polymer 41.
The central strand is left handed (M) and outer strands are right handed (P). MeNC>2 
solvent molecules and OTf anions are omitted for clarity.
6.2.4 {|{Ag(36)2][BF4]2- (CH3N 0 2)}, {[Ag2(36)][C104]2}9 
{[Ag2(36)2][OT£j2}, and {[Ag2(36)2[N03]2}
Upon changing the exo-coordinating group on the 2,2’-bipyridine unit from 
pyridyl to cyano, it was postulated that a similar series of complexes could be obtained, 
the only change in the overall structures would be a decrease of the silver(I) to silver(I) 
distance.
The compounds were synthesized in a similar manner to those obtained for the 
terpyridine ligand. A 1:1 mixture of 36 and a silver(I) salt was dissolved in the
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appropriate solvent, for 42 and 44 MeNC>2 and for 43 and 45 a 1:1 mixture of DMF and 
MeCN. X-ray quality crystals for all four complexes were obtained in one of two ways; 
for 42 and 44 a slow evaporation of MeNC>2 was employed, and for 43 and 45 a slow 
diffusion of acetone into the 1:1 DMFMeCN solvent mixture was used. The X-ray 
structures revealed that all four of these dimers were isostructural. The cationic dimer 
portions are all essentially the same; the differences arise with the size and shape of the 
respective counter anions. As with all of the complexes involving 35, the silver(I) metal 
centres all adopt a trigonal geometry. Each of these metals is coordinated by two unique 
molecules of 36, where one molecule is chelating and the other is coordinating through 
the nitrogen atom of the cyano group. Figure 6.7 shows the coordination environment for 
each silver(I) atom in all four dimers and Table 6.2 shows the silver(I) to nitrogen bond 
distances in all four dimers. In the case of molecular dimer 44, one of the oxygen atoms 
from the OTf anion coordinates to the silver(I) atom.
Figure 6.7. The coordination sphere of 42-45.The cyano group containing N3’ is from the
second ligand of 36 in the dimer.
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Table 6.2. Ag-N Bond Distances in 42 -  45.
Bond Lengths (A)
42 43 44 45
Ag-N bond
chelate
Agl-Nl
Agl-N2
2.270(17)
2.370(16)
2.391(5)
2.272(5)
2.269(3)
2.381(3)
2.242(6)
2.425(6)
Ag-NC 2.11(5) 2.158(5) 2.178(4) 1.995(7)
As mentioned, the geometry of the molecular dimers is trigonal with respect to 
ligand 36. All of the nitrogen atoms from the ligands lie essentially in the same plane; the 
ring containing the cyano group is offset from the other pyridyl ring at a minimum angle 
of 1.7° in 43 and a maximum of 7.7° in 44. The bite angle of the chelating nitrogen atoms 
is significantly less than 120°, in all cases it is around 70° which causes a significant 
increase in the other angles around the silver(I) centres. The greatest angle occurs 
between the chelate nitrogen atom on the ring not containing the cyano group and the 
nitrogen atom of the cyano group on the other ligand in the dimer. On average, this angle 
was determined to be around 155°.
As previously mentioned, all of the combinations of silver(I) salts and 36 result in 
the formation of discrete molecular dimers. Figure 6 . 8  shows the structure of the four 
dimers. The difference in the overall structures is the differing interactions with their 
respective anions, otherwise the cations are identical. In the case of 42, there are fluorine 
to silver(I) interactions and in 43, 44, and 45 there are oxygen to silver(I) interactions.
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Overall, these metal-anion interactions do not have a large effect on the final dimer
structure.
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Agl
0 3
Figure 6 .8 . Molecular dimers 42 (first), 43 (second), 44 (third), and 45(last). Silver(I) to 
anion interactions are shown. The closest silver fluorine interactions in 42: Agl...F3 
2.96(5) and Ag2.. .F7 3.20(8) A. The closest silver oxygen interactions in 43: A gl.. .03 
2.82(1) and A g l...04  2.81(1) A, in 44: A gl . . . 0 1  2.55(1) A and in 45: A gl...03 2.80(1) 
A. In 42, the two molecules of MeN0 2  were omitted for clarity and they played no role in
the dimer formation.
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The silver® to silver(I) distance in 42-44 was determined to be 5.10 A. The 
distance increased to 6.20 A for the NO3 dimer, 45. The silver® to silver® distance is 
longer for the NO3 dimer versus the other dimers for two reasons: firstly the length of the 
silver® to internal nitrogen atom, N l, of the chelate is longer in the NO3 dimer case and 
secondly, the internal angle, N l-A gl-N 3’, is smaller for the NO3 dimer. These two 
phenomena together are additive and they extend the silver® to silver® distance by 
about 1 A.
6.2.5 {[{Ag2(37)2][X]2}, X = BF4 or OTf
From the two previous series of complexes which involve the coordination of two 
different 6 -position substituted 2,2’-bipyridine, both types of potential structures were 
assembled. The first ligand studied had a pyridine ring as its exo-coordinating group and 
the second had a cyano group as its coordination group. Upon a change of the functional 
group to a lengthier cyanophenyl group, an increase of the metal to metal distance is 
expected. This new ligand, 6-(4-cyanophenyl)-2,2’-bipyridine, 37, has the ability to 
further augment the results obtained for ligands 35 and 36. Only two structures were 
isolated in this case, the BF4 and OTf salts. No X-ray quality crystals could be grown for 
either NO3 or C104, but based on the results obtained for ligands 35 and 36, it is expected 
these structures would be molecular dimers.
These two dimers were synthesized in a similar manner to those involving 35 and 
36. One equivalent of 37 and one equivalent of the appropriate silver® salt were 
combined in MeN0 2 . X-ray quality crystals were obtained by a slow evaporation of the
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MeN0 2  solution. As mentioned, the X-ray crystal structures revealed that the overall 
complexes were discrete dimers. These cationic portions of the dimers are isostructural. 
The difference between these complexes is the shape and size of the anions. Each of the 
silver(I) atoms were coordinated by two unique ligands of 37. The coordination geometry 
of each of the silver(I) atoms was trigonal and each was chelated by one ligand and also 
coordinated by the cyano group of a different ligand. Figure 6.9 shows the coordination 
geometry of each of the silver(I) atoms in both dimers 46 and 47. Table 6.3 shows the 
bond distances of the silver(I) to the nitrogen atoms.
Figure 6.9. The coordination environment from 37 to the silver(I) metal centres in both 
dimers, 46 and 47. The cyano group containing N3’ is from the second ligand of 37 in the
dimer.
r
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Table 6.3. Ag-N Bond Distances in 46 -  47.
Bond Lengths (A)
46 47
Ag-N bond
chelate
Agl-Nl 2.241(13) 2.267(7)
Agl-N2 2.385(10) 2.414(6)
Agl-NC 2.145(12) 2.150(7)
All of the coordinating nitrogen atoms to one silver(I) atom lie in the same plane, 
the cyano nitrogen atom is slightly bent out of this plane. As in the other series of 
complexes, the bite angle of the 2 ,2 ’-bipyridine causes a distortion away from “perfect” 
trigonal geometry. This bite angle causes an increase in the other two angles associated 
with each silver(I) centre. These other two angles increase to approximately 130° and 
150° in both dimers. The larger angle arises in the exterior of the dimer, to be specific 
from N 1 - A g l-N 3 \
The difference between dimers arises from the interactions with the anions. In the 
case of 46, there are silver(I) to fluorine interactions and in 47 there are silver(I) to 
oxygen interactions. Figure 6.10 shows the overall structures of the molecular dimers 
involving 37. The closest contact between anion and silver(I) is 2.85(1) A for 46 and 
2.91(2) A for 47. Also, the interactions with the anions have no discemable effect on the 
overall formation and structure of the cationic dimers.
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Figure 6.10. Molecular dimers 46 (top) and 47 (bottom). Silver(I) to anion interactions 
are shown. The closest silver fluorine interactions in 46: A g l.. ,F5 2.85(1), and A gl.. ,F8 
3.16(1), Ag2...Fl 2.85(1), and Ag2...F4 3.19(1) A. The closest silver oxygen interactions 
in 47: A gl...01 2.91(2) A and A gl...03 2.97(2) A.
As in molecular dimers 38 -  40 and the molecular helix 41 with ligand 35, the 
exo-coordinating benzene ring (pyridyl ring in 35) has to twist away from planarity to 
assemble into a molecular dimer. If this twisting did not occur, there would be an 
unfavourable overlap of hydrogen atoms on adjacent phenyl rings within the dimer. In the 
case of dimer 46, the phenyl ring twists away at an angle of 43.8° from the plane occupied
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by the 2,2’-bipyridine and in the case of 47 this twist decreases slightly to 39.6°. This 
twisting of the phenyl rings allows for the assembly of these dimers.
Ligand 37 has inherent lengthened distance between coordination sites in 
comparison to both 35 and 36, thus increasing the silver(I) to silver® distance to the 
largest of the three ligands. This silver® to silver® distance was determined to be 
8.75 A for 46 and 8.71 A for 47. Overall, the silver® to silver® distances ranged from 
5.10 A for 42 -  44 to 8.75 A for 46.
6.3 Conclusions
The syntheses of three ligands with different substituents in the 6- position of a 
2,2’-bipyridine unit with varying distances from the bidentate site has been achieved. 
These ligands were reacted with various Ag(I) salts and two types of structures were 
obtained; dimers and one helical 1-D polymer when the anion was OTf with ligand, 35. 
The distance between silver® atoms in the dimers can be tuned with the choice of the 
functional group attached to the 2,2’-bipyridine framework. Finally, anion dependence 
played a role in the generation of 1-D helical polymer rather than a dimer with a 1:1 
mixture of ligand 35 with silver trifluoromethanesulfonate.
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6.4 Experimental
6.4.1 General Comments
Compound 35 was prepared from a modified literature procedure148. Constable et 
al. originally prepared the ligand by a one pot Potts-type synthesis.150 The ligand 36 was 
prepared via a cyanation reaction of 2,2 '-bipyridine-N-oxide using a modified Reissert- 
Henze reaction.1'^ 1 The ligand 37 was prepared by a Rieke coupling reaction.152 The
1 “S3starting material, 6-Bromo-2,2’-bipyridine was made from a literature preparation. "  The 
preparation of the three ligands are described herein.
6.4.2 General X-ray Comments
Compounds 38 and 39 crystallized in the triclinic centrosymmetric space group 
P(-l) (no. 2) with Z = 2. The presence of a crystallographic inversion centre in the centre 
of the dimer requires only half of the molecule to be solved. In this case, one molecule of 
35, one anion, and one Ag(I) atom were required to be solved. There were no restraints 
applied to the data and all non-hydrogen atoms were refined anisotropically.
Compound 40 crystallized in the monoclinic centrosymmetric space group P2\/n 
(no. 14) with Z = 2. The presence of a crystallographic inversion centre in the centre of 
the dimer allows for only half of the molecule to be solved, in this case, one molecule of 
35, one anion, and one Ag(I) atom. There were no restraints applied to the data and all 
non-hydrogen atoms were refined anisotropically.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
175
Compound 41 crystallized in the monoclinic centrosymmetric space group P2\!n 
(no. 14) with Z = 4. In this case, one molecule of 35, one anion, one MeNCb solvent 
molecule, and one Ag(I) atom had to be solved. In the unit cell there are both hands of the 
helical coordination polymer. Only one hand needed to be solved and the symmetry of the 
cell generates the other hand. There were no restraints applied to the data and all non­
hydrogen atoms were refined anisotropically.
Compound 42 crystallized in the triclinic non-centrosymmetric space group PI 
(no. 1) with Z = 2. There is no crystallographic inversion centre in the centre of the dimer, 
thus the entire dimer was required to be solved. In this case, two molecules of 36, two 
anions, two solvent MeNO? molecules, and two Ag(I) atoms were required to be solved. 
There were no restraints applied to the data and all non-hydrogen atoms were refined 
anisotropically.
Compound 43 crystallized in the monoclinic centrosymmetric space group P2\ln 
(no. 14) with Z = 4. The presence of a crystallographic inversion centre in the centre of 
the dimer allows for only half of the molecule to be solved. In this case, one molecule of 
36, one anion, and one Ag(I) atom were required to be solved. There were no restraints 
applied to the data and all non-hydrogen atoms were refined anisotropically.
Compounds 44 and 45 crystallized in the triclinic centrosymmetric space group 
P(-1) (no. 2) with Z = 2. The presence of a crystallographic inversion centre in the centre 
of the dimer allows for only half of the molecule to be solved. In this case, one molecule 
of 36, one anion, and one Ag(I) atom were required to be solved. There were no restraints 
applied to the data and all non-hydrogen atoms were refined anisotropically.
Compound 46 crystallized in the triclinic non-centrosymmetric space group FI 
(no. 1) with Z = 1. There is no crystallographic inversion centre in the centre of the dimer,
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thus the entire dimer was required to be solved. In this case, two molecules of 37, two 
anions, and two Ag(I) atoms were required to be solved. There were no restraints applied 
to the data and all non-hydrogen atoms were refined anisotropically.
Compound 47 crystallized in the triclinic centrosymmetric space group P(-l) 
(no. 2) with Z = 2. The presence of a crystallographic inversion centre in the centre of the 
dimer allows for only half of the molecule to be solved. In this case, one molecule of 37, 
one anion, and one Ag(I) atom were required to be solved. There were no restraints 
applied to the data and all non-hydrogen atoms were refined anisotropically.
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6.43  Synthesis of 2,2, ;6’,4” -Terpyridine (35)
A 10 mol percentage of PdCl2(PPh3)2 (0.149 g, 2.13 x 10‘! mmol) was placed in a 
Schlenk flask with dry degassed toluene (5 mL) and stirred under N2 for 30 minutes. 
6-Bromo-2,2’-bipyridine153 (0.550 g, 2.13 mmol) was added under N2 and stirred for an 
additional 30 minutes. Finally, to this mixture was added 2 equivalents of 
4-trimethylstannylpyridine (1.02 g, 4.25 mmol) in toluene (5 mL) via syringe. The 
mixture was allowed to reflux for 3 days. The reaction was allowed to cool to room 
temperature and the mixture was treated with 2 M HC1 (60 mL). The aqueous layer was 
separated from the toluene layer and was made basic (pH 9) with NaOHaq.(5 M). The 
aqueous layer was extracted with CH2C12 (3 x 75 mL). The combined organic layers were 
dried with MgS04 and the solvent was removed by rotary evaporation. The product was 
purified by sublimation (90° C) and the product was collected as an off-white 
microcrystalline solid. Yield: 0.245 g (49%). !H-NMR (8, ppm, CDC13): 8.72 (dd, 3J2”-3”
= V _ 5.. = 5.3 Hz, 4J2.._6.. = 1.4 Hz, H2” H6>0, 8.68 (d, 3J6.5 = 9.2 Hz, H6), 8.56 (d, 3J3M- = 
7.9 Hz, Hr), 8.45 (d, 3J3-„4’ = 7.9 Hz, H3), 7.98 (dd, 3J3’-_2- = 3J5”-6” = 5.3 Hz, 4J5.._3.. = 1.5 
Hz, H3”,Hy9, 7.88 (pseudot, 3J4._5. = % . y  = 7.9 Hz,H40, 7.83 (td, 3J4-3 = 7.7 Hz, V 5 = 
1.7 Hz, H4), 7.78 (d, 3J V .4 - =  7.9 Hz, H r ) ,  and 7.29 (m, H5).
h 4 h 3 u 3\  H4'
l2
H6"
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6.4.4 Synthesis of 6-Cyano-2,2’-Bipyridine (36)
To a stirring a solution of 2,2’-bipryidine-N-oxide (3.165 g, 1.84 mmol) in dry 
degassed dichloromethane (100 mL) in a Schlenk flask was added 1.1 equivalents of 
trimethylcarbonitrile (2.01 g, 2.02 mmol) via a syringe. This mixture was stirred for 5 
minutes under an N2 atmosphere. To this mixture was added Me2NCOCl (1.98 g, 1.84 
mmol) and the reaction was stirred further for 12 hours at room temperature. A 10 % 
aqueous solution of K2C 0 3 (50 mL) was added and this mixture was stirred for 30 
mintues. The organic layer was separated and the aqueous layer was extracted with 
CH2C12 (2 x 50 mL). The combined CH2C12 layers were dried with M gS04 and the
solvent was removed by rotary evaporation. The product was purified by column
chromatography (Si02, 10% MeOH/CH2Cl2, Rf = 0.60). The product was collected as a 
white microcrystalline solid. Yield: 2.49 g (81%). 'H-NMR (5, ppm, CDC13): 8.67 (d, 3J6. 
5 = 4.2 Hz, H6), 8.66 (d, 3J3M- = 8.0 Hz, H3 ), 8.45 (d, 3J3.4 = 7.9 Hz, H3), 8.47 (pseudot, 
'V s- = 3J4’_3- = 8.0 Hz, H40, 7.85 (td, 3J4-3 = 7.9 Hz, 4J4.5 = 1.7 Hz, H4), 7.68 (dd, 3J3--4’ =
8.0 Hz, 4J5’.3’ = 0.8 Hz, By),  and 7.36 (m, H5).
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6.4.5 Synthesis of 6-(4-cyanophenyl)-2,2’-bipyridine (37)
To a stirring a solution of 6-Bromo-2,2" -bipyridine153 ( 0 . 1 0 0  g, 4.25 x IQ"1 mmol) 
in dry, degassed THF (30 mL) in a Schlenk flask was added a 5 mol percentage of 
PdCl2(PPh3 )2 (0.022 g, 1.93 x 1 0 ' 2 mmol) under N2 and the mixture was stirred for 5 
minutes. To this mixture was added 4-cyanophenylzincbromide (0.5 M solution in THF) 
(0.096 g, 3.87 x 10"1 mmol) and the reaction was further stirred for 12 hours at room 
temperature. The solution was washed with a saturated solution of NH4CI (100 mL). The 
product was extracted with Et20  (3 x 75 mL). The combined ethereal layers were dried 
with MgS04 and the solvent was removed by rotary evaporation. The product was 
purified by column chromatography (Si02, CH2C12, Rf = 0.25). The product was collected 
as a white microcrystalline solid Yield: 0.057 g (57%). ’H-NMR (8 , ppm, CDC13): 8.69 
(d, 2J6_5 = 4.5 Hz, H6), 8 . 6 6  (d, 3J3..4- = 7.9 Hz, Hr), 8.45 (d, 3J3.4 = 7.9 Hz, H3), 8.25 (dd, 
3J2”.3” = 3J6”-5- = 6 . 8  Hz, = 1 . 5  Hz, H2»,H6”), 7.92 (pseudot, 3J4’-3’ = % - y  = 7.8 Hz, 
H49, 7.68 (td, 3J4_3 = 7.8 Hz, 4J4.5 = 1.8 Hz, H4 ), 7.78 (m, Hv, H3 -,Hy), and 7.33 (m, H5).
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6.4.6 Synthesis of {[Ag2(2,2 ’ s6 %4 ” -terpyridine)2] [BF4]2} (38)
One equivalent of 2,2’:6’,4” -terpyridine (10.0 mg, 4.29 x 102 mmol) and one 
equivalent of silver tetrafluoroborate (8.35 mg, 4.29 x 102 mmol) were dissolved in 
MeNO? (2 mL). The mixture was stirred for 5 minutes. The product precipitated upon the 
addition of !Pr20  as a white solid. Colourless block X-ray quality crystals were obtained 
by slow evaporation of the MeNCF solution over a period of 72 hours. Crystalline 
material was isolated by decantation. Yields depended upon the stage at which the 
crystallization process was interrupted; usually when sufficiently sized X-ray quality 
crystals could be isolated. The yield is essentially quantitative if the crystallization 
process was not interrupted.
Table 6.4. Crystal Data and Details of Structure Solution and Refinement for
38
Formula C]5H1]AgBF4N3 Collection Temp [K] 293(2)
Formula Weight 427.95 Pealed [gem"’] 1.871
Crystal System Triclinic ft (Mojca) [m m 1] 1.372
Space Group P(-1) Min/max trans not measured
a  [A] 8.01080(10) Unique data 3875
b{  A] 10.3662(2) R(int) 0.0299
c[A] 10.14740(10) R1 [I >2tfl] 0.0574
a [ ° ] 74.5900(10) R1 [all data] 0.0701
m 88.644(10) wR2 [I > 2 d ] 0.1490
rt°] 69.7070(10) wR2 [all data] 0.1713
v  [A3] 759.750(19) Data/variables 2532/218
z 2 Goodness-of-fit 1.176
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6.4.7 Synthesis of {[Ag2(292 , i6,,4, ,"terpyridme)2][C104]2} (39)
One equivalent of 2,2 ’: 6' ,4 ” -terpyridine (10.0 mg, 4.29 x 10~2 mmol) and one 
equivalent of silver perchlorate (8.89 mg, 4.29 x 10 “ mmol) were dissolved in a 1:1 
mixture of DMF.MeCN (2 mL). The mixture was stirred for 5 minutes. The product 
precipitated upon the addition of acetone as a white solid. Colourless block X-ray quality 
crystals were obtained by slow diffusion of acetone into the DMF:MeCN solution over a 
period of 48 hours. Crystalline material was isolated by decantation. Yields depended 
upon the stage at which the crystallization process was interrupted; usually when 
sufficiently sized X-ray quality crystals could be isolated. The yield is essentially 
quantitative if the crystallization process was not interrupted.
Table 6.5. Crystal Data and Details of Structure Solution and Refinement for
39
Formula C 15H n A g C 1 0 4N3 Collection Temp [K] 293(2)
Formula Weight 440.59 Pealed [gem1] 1.896
Crystal System Triclinic |i (MoK«) [mm 1] 1.505
Space Group P(-1) Min/max trans not measured
a [A] 8.0811(10) Unique data 3324
b[ A] 10.0603(13) R(int) 0.0155
c[A] 10.5535(13) R1 [I >2al] 0.0285
a n 73.976(2) R1 [all data] 0.0386
m 69.513(2) wR2 [I >2al] 0.0687
n°] 86.885(2) wR2 [all data] 0.0720
V [A3] 771.64(17) Data/variables 2184/217
z 2 Goodness-of-fit 0.954
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6.4.8 Synthesis of {[ Ag2(2,29:6 ’,4’ ’-terpyridine)2][NO3L} (40)
One equivalent of 2,2':6’ ,4” -terpyridine (10.0 mg, 4.29 x 10'2 mmol) and one 
equivalent of silver nitrate (7.29 mg, 4.29 x 10 2 mmol) were dissolved in a 1:1 mixture of 
DMF:MeCN (2 mL). The mixture was stirred for 5 minutes. The product precipitated 
upon the addition of acetone as a white solid. Colourless block X-ray quality crystals 
were obtained by slow diffusion of acetone into the DMF:MeCN solution over a period of 
48 hours. Crystalline material was isolated by decantation. Yields depended upon the 
stage at which the crystallization process was interrupted; usually when sufficiently sized 
X-ray quality crystals could be isolated. The yield is essentially quantitative if the 
crystallization process was not interrupted.
Table 6.6. Crystal Data and Details of Structure Solution and Refinement for
40
Formula C3oH22Ag20 6N 8 Collection Temp [K] 293(2)
Formula Weight 806.30 Pealed [gem ’] 1.856
Crystal System Monoclinic p (Mok<x) [m m 1] 1.418
Space Group P2\/n Min/max trans not measured
a [A] 7.6046(16) Unique data 5974
b{ A] 13.466(3) R(int) 0.0214
c [A] 14.258(3) R1 [I >2cl] 0.0272
«[°] 90 R1 [all data] 0.0373
m 98.901(4) wR2 [I >2al] 0.0641
n°i 90 wR2 [all data] 0.0674
v  [A3] 1442.5(5) Data/variables 2061/208
z 2 Goodness-of-fit 1.116
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6.4.9 Synthesis of {[Ag (2,2’:6%4” -terpyridine)][OTf] • (C H ,N 02)}„
(41)
One equivalent of 2,2’:6’ ,4” -terpyridine (10.0 mg, 4.29 x 10 2 mmol) and one 
equivalent of silver trifluromethanesulfonate (11.02 mg, 4.29 x 102 mmol) were 
dissolved in MeN02 (2 mL). The mixture was stirred for 5 minutes. The product 
precipitated upon the addition of 'Pr20  as a white solid. Colourless block X-ray quality 
crystals were obtained by slow evaporation of the M eN02 solution over a period of 72 
hours. Crystalline material was isolated by decantation. Yields depended upon the stage at 
which the crystallization process was interrupted; usually when sufficiently sized X-ray 
quality crystals could be isolated. The yield is essentially quantitative if the crystallization 
process was not interrupted.
Table 6.7. Crystal Data and Details of Structure Solution and Refinement for
41
Formula CnHuAgFaN^OsS Collection Temp [K] 293(2)
Formula Weight 555.21 Pealed [gem"’] 1.736
Crystal System Monoclinic p (Mokcc) [m m 1] 1.135
Space Group P2\!n Min/max trans not measured
a [A] 11.0026(8) Unique data 6077
b[  A] 7.3776(6) R(int) 0.0249
c[A] 26.0860(19) R1 [I >2gI] 0.0461
«[°] 90 R1 [all data] 0.0581
m 101.198(2) wR2 [I >2gI] 0.1066
n°] 90 wR2 [all data] 0.1151
v  [A3] 2077.2(3) Data/variables 3281/280
z 4 Goodness-of-fit 1.101
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6.4.10 Synthesis of {[Ag2(6-cyano-2,2’-bipyridme)2][BF4]2} (42)
One equivalent of 6-cyano-2,2’-bipyridine (10.0 mg, 5.98 x 10'2 mmol) and one 
equivalent of silver tetrafluoroborate (11.65 mg, 5.98 x 10'2 mmol) were dissolved in 
MeN02 (2 mL). The mixture was stirred for 5 minutes. The product precipitated upon the 
addition of 'Pr^O as a white solid. Colourless block X-ray quality crystals were obtained 
by slow evaporation of the MeNCF solution over a period of 72 hours. Crystalline 
material was isolated by decantation. Yields depended upon the stage at which the 
crystallization process was interrupted; usually when sufficiently sized X-ray quality 
crystals could be isolated. The yield is essentially quantitative if the crystallization 
process was not interrupted.
Table 6.8. Crystal Data and Details of Structure Solution and Refinement for
42
Formula C11H9AgBF4N3 Collection Temp [K] 293(2)
Formula Weight 409.89 Pealed [gem'1] 1.788
Crystal System Triclinic ft (MokoO [mm'1] 1.373
Space Group PI Min/max trans 0.0060/0.1451
a [A] 7.426(3) Unique data 2398
b[  A] 9.902(4) R(int) 0.0864
C[A] 10.629(4) R1 [I > 2d] 0.1543
<*[°] 84.148(7) R1 [all data] 0.1596
m 87.520(7) wR2 [I >2al] 0.3830
n°] 78.394(6) wR2 [all data] 0.4058
v  [A3] 761.4(5) Data/variables 1823/360
Z 2 Goodness-of-fit 2.094
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6.4.11 Synthesis of {[ Ag2(6-cyano-2,2 ’-bipyridine^] [C104]2} (43)
One equivalent of 6-cyano-2,2’-bipyridine (10.0 mg, 5.98 x 10"2 mmol) and one 
equivalent of silver perchlorate (12.40 mg, 5.98 x 10”2 mmol) were dissolved in a 1:1 
mixture of DMF:MeCN (2 mL). The mixture was stirred for 5 minutes. The product 
precipitated upon the addition of acetone as a white solid. Colourless block X-ray quality 
crystals were obtained by slow diffusion of acetone into the DMF:MeCN solution over a 
period of 48 hours. Crystalline material was isolated by decantation. Yields depended 
upon the stage at which the crystallization process was interrupted; usually when 
sufficiently sized X-ray quality crystals could be isolated. The yield is essentially 
quantitative if the crystallization process was not interrupted.
Table 6.9. Crystal Data and Details of Structure Solution and Refinement for
43
Formula C„H 7AgClN304 Collection Temp [K] 293(2)
Formula Weight 388.52 pealed [gem”1] 2.059
Crystal System Monoclinic SI (Mokcx) [m m 1] 1.837
Space Group P2\/n Min/max trans not measured
a [A] 7.176(5) Unique data 5118
b[  A] 9.283(6) R(int) 0.0188
c [A] 18.999(12) R1 [I > 2d] 0.0415
«[°] 90 R1 [all data] 0.0430
97.909(11 wR2 [I >2cl] 0.1173
rn 90 wR2 [all data] 0.1191
V [A3] 1253.5(14) Data/variables 1773/176
z 4 Goodness-of-fit 1.066
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6.4.12 Synthesis of {[Ag2 (6-cy ano-2,2 ’ -bipyridine)2] [OTfj2} (44)
One equivalent of 6-cyano-2,2’-bipyridine (10.0 mg, 5.98 x 102 mmol) and one 
equivalent of silver trifluromethanesulfonate (15.37 mg, 5.98 x 102 mmol) were 
dissolved in MeN02 (2 mL). The mixture was stirred for 5 minutes. The product 
precipitated upon the addition of ‘Pr20  as a white solid. Colourless block X-ray quality 
crystals were obtained by slow evaporation of the MeN02 solution over a period of 72 
hours. Crystalline material was isolated by decantation. Yields depended upon the stage at 
which the crystallization process was interrupted; usually when sufficiently sized X-ray 
quality crystals could be isolated. The yield is essentially quantitative if the crystallization 
process was not interrupted.
Table 6.10. Crystal Data and Details of Structure Solution and Refinement for
44
Formula C iz H v A g F .^ C b S Collection Temp [K] 293(2)
Formula Weight 438.14 Pealed [gem ’] 2.076
Crystal System Triclinic p (MokcO [m m 1] 1.639
Space Group P(-1) Min/max trans 0.0538/0.0887
« [A] 7.3848(15) Unique data 3076
b [A] 8.8241(17) R(int) 0.0165
c[A] 11.414(2) R1 [I >2gI] 0.0332
a[°] 77.000(3) R1 [all data] 0.0341
j S [ ° ] 82.972(12) wR2 [I >2gI] 0.0873
H ° 1 85.208(3) wR2 [all data] 0.0881
v  [A3] 701.0(2) Data/variables 1981/208
z 2 Goodness-of-fit 1.118
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6.4.13 Synthesis of {[Ag2 (6-cyano-2,2?-bipyridine)2][N 0 3]2} (45)
One equivalent of 6-cyano-2,2’-bipyridine (10.0 mg, 5.98 x 10 2 mmol) and one 
equivalent of silver nitrate (10.16 mg, 5.98 x 10"2 mmol) were dissolved in a 1:1 mixture 
of DMF:MeCN (2 mL). The mixture was stirred for 5 minutes. The product precipitated 
upon the addition of acetone as a white solid. Colourless block X-ray quality crystals 
were obtained by slow diffusion of acetone into the DMF:MeCN solution over a period of 
48 hours. Crystalline material was isolated by decantation. Yields depended upon the 
stage at which the crystallization process was interrupted; usually when sufficiently sized 
X-ray quality crystals could be isolated. The yield is essentially quantitative if the 
crystallization process was not interrupted.
Table 6.11. Crystal Data and Details of Structure Solution and Refinement for
45
Formula Cu H7AgN403 Collection Temp [K] 293(2)
Formula Weight 351.08 Pealed [gem"1] 2.027
Crystal System Triclinic ft (Mona) [m m 1] 1.762
Space Group P(-l) Min/max trans 0.1081/0.1451
a [A] 7.115(2) Unique data 2320
h[ A] 9.090(3) R(int) 0.0134
f [A] 9.201(3) R1 [I >2gI] 0.0524
a[°] 85.015(5) R1 [all data] 0.0567
m 76.032(5) wR2 [I >2<xl] 0.1424
n°i 89.986(5) wR2 [all data] 0.1461
V [A3] 575.1(3) Data/variables 1481/172
Z 2 Goodness-of-fit 1.069
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6.4.14 Synthesis of
{[Ag2 (6-(4-cy anophenyl)-2,2’-bipyridine)2][BF4]2} (46)
One equivalent of 6-(4-cyanophenyl)-2,2’-bipyridine (10.0 mg, 3.90 x 10 2 mmol) 
and one equivalent of silver tetrafluoroborate (7.60 mg, 3.90 x 102 mmol) were dissolved 
in MeNCF (2 mL). The mixture was stirred for 5 minutes. The product precipitated upon 
the addition of !Pr20  as a white solid. Colourless block X-ray quality crystals were 
obtained by slow evaporation of the MeN02 solution over a period of 72 hours. 
Crystalline material was isolated by decantation. Yields depended upon the stage at which 
the crystallization process was interrupted; usually when sufficiently sized X-ray quality 
crystals could be isolated. The yield is essentially quantitative if the crystallization 
process was not interrupted.
Table 6.12. Crystal Data and Details of Structure Solution and Refinement for
46
Formula C 34H 22A g 2B 2FgNf, Collection Temp [K] 293(2)
Formula Weight 903.94 Pealed [gCm ] 1.772
Crystal System Triclinic (i (Mokoc) [mm 1] 1.236
Space Group PI Min/max trans 0.1008/0.1451
a [A] 7.3748(17) Unique data 3753
b[  A] 9.479(2) R(int) 0.0136
c  [A] 12.737(3) R1 [I > 2d] 0.0289
a [ ° ] 77.046(4) R1 [all data] 0.0304
J3[°l 86.745(4) wR2 [I >2al] 0.0782
n°] 77.408(4) wR2 [all data] 0.0800
V [A sj 846.8(3) Data/variables 2982/469
z 1 Goodness-of-fit 1.114
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6.4.15 Synthesis of
{[Ag2 (6-(4-cyanophenyl)-2,2’-bipyridine)2][OTf]2} (47)
One equivalent of 6-(4-cyanophenyl)-2,2,-bipyridine (10.0 mg, 3.90 x 10'2 mmol)
'y
and one equivalent of silver trifluromethanesulfonate (10.03 mg, 3.90 x 10'" mmol) were 
dissolved in MeNCF (2 mL). The mixture was stirred for 5 minutes. The product 
precipitated upon the addition of 'Pr20  as a white solid. Colourless block X-ray quality 
crystals were obtained by slow evaporation of the MeNCF solution over a period of 72 
hours. Crystalline material was isolated by decantation. Yields depended upon the stage at 
which the crystallization process was interrupted; usually when sufficiently sized X-ray 
quality crystals could be isolated. The yield is essentially quantitative if the crystallization 
process was not interrupted.
Table 6.13. Crystal Data and Details of Structure Solution and Refinement
for 47
Formula C]8H„AgF3N303S Collection Temp [K] 293(2)
Formula Weight 514.23 Pealed [gCm '1] 1.838
Crystal System Triclinic p (MoKa) [m m 1] 1.252
Space Group P(-1) Min/max trans not measured
a [A] 7.585(5) Unique data 4089
b[  A] 9.945(7) R(int) 0.0444
c [A] 12.785(9) R1 [I >2crl] 0.0793
«[°] 84.285(10) R1 [all data] 0.0876
fi\°] 82.972(12) wR2 [I >2gI] 0.1993
H°] 76.791(11) wR2 [all data] 0.2091
v  [A3] 929.3(11) Data/variables 2621/257
z 2 Goodness-of-fit 1.012
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Chapter 7: Utilisation o f  4- and 4, 4 f-Substituted Bipyridines in
Coordination Complexes
7.1 Introduction
One of the main areas of interest in materials chemistry is the synthesis of 3-D 
diamondoid lattices. Most commonly, tetrahedral metal ions, such as Cu(I) and Ag(I), are 
linked together by linear spacer ligands to generate diamondoid lattices.154 There are other 
examples which use eight-coordinate Cd(II)155 metal ions and another which uses 
Cu(II)156 metal ions to generate these lattices. One of the main problems for the practical 
application of these networks is the potential large pores are in fact not empty, these types 
of lattices tend to interpenetrate each other with 2-fold,157 or higher degeneracy.158’161 
Figure 7.1 shows a schematic of a diamondoid lattice.
One of the most elusive structures in the literature is the supramolecular cube. 
This type of structure can be achieved with the use octahedral metal ions, such as Fe(II) 
or Ru(II) instead of tetrahedral metal ions. In 1998, Thomas et al. were able to self-
Figure 7.1. A schematic of a diamondoid lattice. Tetrahedral metal ions are shown in blue
and the linker molecules are gray sticks.
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assemble, in one step, eight octahedral metal corners and twelve 4,4’-bipyridine 
ligands.162 Their cube was confirmed by !H-NMR spectroscopy and ES-MS .
7.2 Results and Discussion
7.2.1 Ligand Design
As shown in Chapters 5 and 6, an array of various types of structures are possible 
with the use of 5- and 6-substituted 2,2’-bipyridine based ligands. The ligands give rise to 
various discrete structures, as well as polymeric structures. The 4- and 4,4’- substituted 
2,2’-bipyridines provide ligands with sets of donor atoms that cannot coordinate to the 
same metal centre. These ligands are analogous, in terms of the heteroatom position, to 
4,4’-bipyridine, with the difference being the presence of an extra donor atom to generate 
one chelating site. Figure 7.2 shows the different 4- and 4,4’- substituted ligands used in 
this study.
Figure 7.2. Line drawings of: a) 2-(2-pyridyl)-pyrazine, 48, b) 2,2’-bipyrazine, 49, c) 
2,2’;4’,4” -terpyridine, 50, d) 4-cyano-2,2’-bipyridine, 51, and, e) 2,2’;4’,4’;4” ,4” ’-
quaterpyridine, 52.
49
50 52
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These ligands can be used directly or included as part of a metallo-ligand by 
reacting with a blocked cX-position square planar metal complex. Either can be used to 
assemble: 1) simple planar and discrete molecular polygons and 2) 2-D and 3-D 
networks. If a symmetric ligand, 49 or 52, is used in combination with the appropriate 
metal ion or metallic complex, molecular polygons can be constructed. Figure 7.3 
illustrates this behaviour using 2,2’-bipyrazine, 49.
Figure 7.3. Potential coordination complexes involving 49 allow for the formation of 
various polygons, including a square and a triangle. Ancillary ligands to block ex­
positions are shown in green.
The symmetrical ligands, 49 and 52, are also capable of forming 2-D and 3-D 
networks with the appropriate metal centre. The geometry of the metal will determine the
Bridging Bridging
Chelating
Square Triangle
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dimensionality of the network. If an octahedral metal centre or complex is used, a 3-D 
network will form and if a square planar metal complex is used, a 2-D network will result.
The series of asymmetric ligands 48, 50, and, 51 provide the possibility of 
assembling a molecular cube with the appropriate combination of metal centres. Upon 
coordination of three of these ligands in a yhc-orientation to an octahedral metal centre, 
the three external donors are extensions of the x, y, z Cartesian axes o f an octahedron and 
therefore act as the comers of a cube, which can be assembled upon addition of a 
different metal centre, or complex with linear coordination, acting as a bridge between the 
octahedral sites, see Figure 7.4.
—A
rl l
T T
Figure 7.4. Schematic of a/ac-isomer, left, and a supramolecular cube, right. Tinker units
are shown in green.
7.2.2 {[Ag(48)(MeCN)J [BF4]}„
The first 1-D coordination polymer involving 48 was constructed from a 1:1 
mixture of silver tetrafluoroborate and 48 in MeCN. X-ray quality crystals were grown by
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a slow diffusion of Th^O into the MeCN solution. The crystal structure revealed a 1-D 
coordination polymer, 53. Each Ag(I) metal centre possessed a distorted tetrahedral 
geometry with two molecules of 48, one chelating and the other coordinating in a 
monodentate fashion, and one molecule of MeCN, as shown in Figure 7.5. Each 
asymmetric unit of the polymer contained only one molecule of 48 and one MeCN 
molecule.
N 3
N1
N2'
N 4
Figure 7.5. Coordination sphere of each Ag(I) centre in 53. Bond Lengths: Agl-Nl 
2.6391(18), Agl-N3 2.3270(18), Agl-N4 2.203(2), and Agl-N2’ 2.3444(19) A.
The monomers combine to generate a 1-D polymeric strand, containing an 
alternating arrangement of ligands in a one “up” and one “down” arrangement. The metal 
to metal distance was determined to be 7.48 A. The length of the repeating unit is 13.15 
A. Figure 7.6 shows a 1 -D polymeric strand of 53.
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Figure 7.6. A 1-D coordination polymeric strand of 53.
There are Tt-stacking interactions between the rings of adjacent strands, in one 
motif both rings of the ligands are involved in the 7t-stacking (shown in green), while in 
the other motif, only the pyrazine rings are involved (shown in purple), see Figure 7.7. 
The lengths of the n-stacking interactions vary from 3.6 A in the position where both 
rings overlap to 4.0 A when only the pyrazine rings overlap.
I
Figure 7.7. Stacking of two strands of 53.
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7.2.3 {[Ag4(48)][OTfJ}n
An unusual 2-D network formed with a mixture of silver 
trifluoromethanesulfonate and 48 in M eN02. X-ray quality crystals were grown from a 
slow diffusion of 'Pr20  into the M eN02 solution. The crystal structure revealed the 
presence of a 2-D network, 54, with an overall metal to ligand stoichiometry of 4:3.
There are 1 -D strands in the network, which are bridged to the next layer through 
the OTf oxygen atoms. These strands contain four crystallographically unique Ag(I) sites 
and three different ligands. Agl, is chelated by one molecule of 48, which also 
coordinates to Ag4’, and is coordinated to two OTf molecules which bridge between Agl 
and Ag2. The geometry of Agl is distorted square planar. Ag2, which is also distorted 
square planar, is bridged by the same two OTf anions and is chelated by a molecule of 48. 
This molecule of 48 also coordinates in a monodentate fashion through the external 
nitrogen atom to Ag3, which possesses a trigonal geometry, and is chelated to a molecule 
of 48. Finally, Ag4 is coordinated by two molecules of 48 through the external nitrogen 
atoms and is also coordinated by an oxygen atom of a OTf anion, rendering a T-shaped 
geometry. Ag4 also interacts weakly with two oxygen atoms of uncoordinated OTf 
anions. Figure 7.8 shows the asymmetric unit.
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Figure 7.8. The asymmetric unit contained in 54. Bond Lengths: A gl-N l 2.447(6), 
Agl-N3 2.312(6), A gl-01 2.410(10), A gl-04  2.386(7), Ag2-02 2.357(6), Ag2-05 
2.499(8), Ag2-N4 2.343(6), Ag2-N6 2.335(8), Ag3-N5 2.244(5), Ag3-N7 2.389(6), 
Ag3-N9 2.341(6), Ag4-N8 2.209(6), Ag4- N2’ 2.200(6), and Ag4- 0 9  2.672(6) A.
These units combine together to form the 1-D strands, the length of the repeating 
unit is 25.9 A. These polymeric arrays are essentially linear. Figure 7.9 shows a 1 -D 
polymeric strand built up of these Ag4L3 repeating units.
Figure 7.9. 1-D strand of 54. Uncoordinated OTf anions are omitted for clarity.
Also, as seen in Figure 7.9, there are extra OTf anions which extend the 1-D 
strands into a 2-D network, these anions are the only species responsible for the 
generation of the 2-D network. The distance between two layers, measured from Ag(I) to
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Ag(I), is on average 3.6 A apart. The rings of 48, 7i-stack between layers with distances 
of 3.5- 3.7 A. Figure 7.10 shows three strands being linked into a 2-D network 55.
Figure 7.10. The 2-D network, 54, showing three 1-D strand being linked together by the
bridging OTf anions.
7.2.4 {[Ag3(49)2(H20 )] lB F 4]3 -(H 20 )} n
Another attempt to synthesize a metal-ligand coordination network involving 49 
and a transition metal, was undertaken using Ag(I). The reaction of 49 and silver 
tetrafluoroborate in a 2:1 ratio in acetone was performed and X-ray quality crystals were 
grown from slow diffusion of'Pr20  into the acetone solution. The X-ray analysis revealed 
the generation of a planar 2-D network, 55.
In this 2-D network, there are two different types of Ag(I) metal centres. The first 
centre is coordinated by two different molecules of 49, one through chelation and the 
other by monodentate coordination of one of the pyrazine nitrogen; it is also coordinated 
by one molecule of water. The geometry about this Ag(I) is distorted tetrahedral and can 
be seen in Figure 7.11. The second type of Ag(I) atom is also coordinated by two
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
199
molecules of 49 in a monodentate fashion arranged in a linear geometry, as seen in Figure 
7.12.
N1
N2
OIW
Figure 7.11. The coordination sphere of Agl in 55. Bond distances: A gl-N l 2.420(5), 
Agl-N2 2.331(6), Agl-N3’ 2.265(5), and Agl-OIW  2.504(7) A.
N4’
N4
Figure 7.12. The coordination sphere of Ag2 in 55. Bond distances: Ag2-N4 2.192(5) and
Agl-N4’ 2.192(5) A.
The combination of these two types of Ag(I) atoms and molecules of 49 results in 
the formation of a tessellated pattern. Each tile is comprised of six ligands and eight Ag(I) 
metals, six, tetra-coordinate Agl atoms and two, di-coordinate Ag2 atoms. This tile
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possesses a rectangular shape and has dimensions of 21.85 A by 7.29 A. This motif can 
be seen in Figure 7.13.
In each of the rectangular cavities, there are two water molecules, which are 
coordinated to Agl, and two free water molecules. The BF4 anions lie above and below 
the plane of the planar 2-D network.
A g lAgl
A g l
A gl
Ag2A gl
Figure 7.13. A rectangular tile built up by eight Ag(I) atoms and six ligands. The free 
water molecules and BF4 anions are omitted for clarity.
There are additional donor atoms on the molecules of 49 which are coordinated to 
the Ag(I) comers of the rectangular tiles. These vacant sets of donor atoms allow for the 
generation of the tessellated 2-D network built upon these rectangular units, as shown in 
Figure 7.13. Figure 7.14 shows the 2-D network, 55.
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Figure 7.14. A 2-D tessellated network, 55, built up from rectangular tiles. The BF4 
anions and free water molecules are omitted for clarity.
7.2.5 {[{[Ag(49>] [BF4] • (M eN 02)2}n
A new attempt to synthesize a 3-D network with 49 and silver tetrafluoroborate in 
a 1 :1  ratio in MeNCb was undertaken. X-ray quality crystals of 56 were grown by the 
slow diffusion of zPr20  into a MeN02 solution. The X-ray analysis showed that each 
Ag(I) was coordinated by three molecules of 49 in a distorted tetrahedral geometry; one 
molecule of 49 acts as a chelate and the other two as mono-dentate ligands. Figure 7.15 
shows the coordination sphere of each Ag(I) in the network.
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Figure 7.15. The coordination sphere of each Ag(I) in 56. Bond distances: Agl-Nl 
2.410(5), A gl-N l’ 2.410(5), Agl-N2” 2.216(5), and Agl-N2” ’ 2.216(5) A.
Each molecule of 49 bridges three Ag(I) metal centres, this allows the generation 
of 3-D diamondoid network. The structure possesses discemable pores, which are 
occupied by two molecules of MeNC>2 and two BF4 anions. The Ag(I) to Ag(I) distance in 
the 3-D network is 7.38 A. Figure 7.16 shows the 3-D diamondoid network with the 
occupied pores.
Figure 7.16. The 3-D diamondoid network in 56.
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It should be mentioned that this compound, 56, and the next, 57, have been 
previously reported by Champness et al. 163 Even though these are not new compounds, 
they are included in the discussion of our results to complement the compounds, 53-55, 
previously obtained using the same ligand, 49, and the asymmetric version of the ligand, 
48.
7.2.6 {[Ag(49)(MeCN>] [BF4]}n
Upon switching from a non-coordinating solvent like, MeN02, to a more 
coordinating solvent like, MeCN, the same 1:1 ratio of 49 to silver tetrafluoroborate, a 
different structure results.
Good quality crystals were grown from slow diffusion of 'Pr20  into an MeCN 
solution and it was determined by an X-ray analysis that a 2-D network results, 57. Each 
Ag(I) atom has a distorted square pyramidal geometry and is coordinated by three 
molecules of 49, one chelating and the other two monodentate, and one molecule of 
MeCN. Figure 7.17 shows the coordination sphere of each Ag(I) atom in the network.
N5
N2’
N4
N!N3’
Figure 7.17. The coordination sphere of each Ag(I) in the 2-D network of 57. Bond 
distances: Agl-Nl 2.390(3), Agl-N4 2.404(3), Agl-N3’ 2.355(3), Agl-N2” 2.441(3),
and Agl-N5 2.455(4) A.
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The combination of three molecules of 49 at each metal centre results in the 
generation of a 2-D network. The chelate and one of the monodentate coordinated 
nitrogen atoms lie in one plane to generate a 1-D strand, these strands are further linked 
into the second dimension through the other exo-dentate nitrogen atom of the pyrazine, 
where it coordinates to a Ag(I) in the next strand. Figure 7.18 shows the 2-D network of 
57. The Ag(I) to Ag(I) distance in the 1-D strand is 7.33 A and the distance to the second 
dimension is 7.57 A.
Figure 7.18. The 2-D network, 57. BF4 anions are omitted for clarity.
These 2-D networks pack close together resulting in the generation of pockets 
where the BF4 anions sit. There is no evidence of 7 1-stacking between the aromatic rings 
of adjacent networks with distances over 5 A apart. The Ag(I) to Ag(I) distance between 
networks is 5.9 A. Figure 7.19 shows the arrangement of the 2-D networks and the 
pockets created for the BF4 anions.
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Figure 7.19. The packing of the 2-D networks 57 and the pockets available for the BF4
anions.
7.2.7 Labile Metal Building Blocks
In an attempt to synthesize a discrete molecular cube, reactants involving the 
labile metal ion, Fe(II) and 4-substituted bipyridine ligands were initially mixed together, 
and then Ag(I) was added to attempt to bridge the building blocks together.
A reaction of 4-cyano-2,2’-bipyridine, 51, and [Fe(H2 0 )6][BF4 ]2 in a 3:1 ratio in 
MeNOa results in the formation of a mixture of fac- and wer-isomers of the tris- Fe(II), 
complex, 58. Figure 7.20 shows this reaction scheme and also the reaction scheme for the 
synthesis of complex, 59.
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Figure 7.20. Reaction scheme for 58 and 59.
The ratio of fac- to mer-isomers was determined to be 1:1 by ‘H-NMR 
spectroscopy. The mer-isomer contains three non-equivalent ligands while the symmetry 
of the/ac-isomer causes the three ligands to become equivalent. This fact generates three 
peaks in the 'H-NMR spectrum for the mer-isomer and one peak for the /ac-isomer for 
every hydrogen atom in the ligands. Studies involving the coordination of Ag(I') to the 
exo-coordination site yielded no discemable result. Figure 7.21 shows the 'H-NMR 
spectrum of 58. Attention should be paid to H5, which is the peak farthest upfield in the 
spectrum. This spectrum shows the three peaks for the mer-isomer and one peak for the 
fac-isomer, which is combined with some of the mer-peaks of HS’.
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Figure 7.21. ’H-NMR spectrum of 58.
Similarly, a reaction of 2 ,2 ’;4’,4’’-terpyridine, 50, and [Fe(H20 )6][BF4 ]2  in a 3:1 
ratio results in the formation of a tris-Fe(II) complex, 59. This product also shows a 1:1 
thermodynamic distribution of fac- and mer-isomers. Studies involving the coordination 
of Ag(I) to exo-coordination site yielded no discemable result. Figure 7.20 shows a 
reaction scheme involving 50 and [FeOFFO^lfBF.^]? and Figure 7.22 shows a 'H-NMR 
spectrum of the mixture of fac- and mer-isomers.
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peaks for H5 and Hs-
— T r
Figure 7.22. ’H-NMR spectrum of 59.
7.2.8 Inert Metallo-Ligands
Similarly to labile complexes, inert metal building blocks can be synthesized. 
Ru(II) is a suitable metal to provide an octahedral coordination environment for the 
coordination of three bipyridine based ligands. As in Fe(II) complexes, a mixture of /b r ­
and mer-isomers are obtained for Ru(II) complexes. The one difference is, for Ru(II), a 
statistical mixture of 3:1 mer- to fac- is obtained in comparison to a 1:1 thermodynamic 
mixture, for Fe(II) complexes. Despite the overall decrease in the amount of the desired 
/ac-isomer by using Ru(II), the advantage lies with the ability to isolate the/ac-isomer.
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In a typical reaction, 50, and Ru(DMSO)4Cl2 were combined in ethylene glycol in 
a 3:1 ratio and allowed to reflux for three hours. Isolation of the product as the PF(, salt 
was achieved by the addition of NH4PF6 in MeOH to the reaction mixture. Figure 7.23 
shows a reaction scheme for the synthesis of [Ru(50)3][PF<,]2, 60.
Ethylene Glycol, A 
NH4PF6, MeOH
mer-isomer
fac-isomer
Figure 7.23. Reaction Scheme for 60.
The 'H-NMR spectrum of the mixture of isomers of 60 shows two sets of peaks, 
one for the/ac-isomer and one for the mer-isomer. The integration of these peaks shows a 
3: 1 ratio of mer- to/ac-isomers. As in the case of the mer-isomer in the Fe(II) complex, 
59, the three ligands are non-equivalent, thus creating three unique peaks in the 1 H-NMR 
spectrum for each hydrogen atom. However, the difference in these two complexes is the 
relative integration of these peaks. In the Fe(II) case, the sum of the integration of the
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three peaks in the spectrum which correspond to the mer-product roughly add up to the 
integration of the one peak which corresponds to the fac-isomer, thus a 1 :1  ratio of 
isomers. However, in the Ru(II) case, all of the peaks in the 1 H-NMR spectrum have the 
same integration value. As seen in Figure 7.24, the integration of each peak, for both fac- 
and mer-, is approximately 0.25, thus the total for the three mer- ligands is 0.75 and the 
total for the/ac-ligands is 0.25, giving rise to a 3:1 mer- to/ac-distribution.
fac- and mer- peaks 
for H5 and Hr
m l\- \ in / \ ID cn J  1cn o oOJ OJ cn *c—t cn OJ m in cn oo in r-. r**. cn OJ oo o o IT) in in o o
;ou OJ o o o —
r  1 1 1 1 i 1 1 1 t  i 1 1 1 1 r ~
9 . 0  8 . 5  8 . 0  7 . 5
Figure 7.24. 1 H-NMR spectrum of the mixture of fac- and mer-isomers in 60.
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With the Ru(II) building block 60, the isomers can be separated using some 
elegant chromatography.164"166 Traditional chromatography using either aluminum oxide 
or silica with common organic solvents as the eluent does not result in any sort of 
separation of the geometrical isomers. Fletcher et al. have shown that these geometrical 
isomers can be separated from each other by using Sephadex columns with sodium 
hexanoate as the eluent. 165 Unfortunately, this system, proved to be unsuccessful with 
terpyridine based ligands and no separation of products was observed. Recently, a new 
method to separate fac- and mcr-isomers was reported. 167 Compound 60 was dissolved in 
a minimum amount of a 1:1 mixture of DIVfikHbO and was loaded onto a preparatory 
TLC sheet. The sheet was developed using the 1:1 solvent mixture as the eluent. Once the 
TLC plate was fully developed, two distinct red bands were present. The first isolated 
band was determined to be the mer-isomer and the second isolated band the fac-isomer. 
Both of these isomers were confirmed by 1 H-NMR spectroscopy, and the spectra are 
shown in Figure 7.25.
1 > 1 1 I - • -  • • • • - T "  1 ' '  T 1
9 0 8 5 8 0 7 5
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Figure 7.25. SH-NMR spectra of the mer- (top) and/aoisomers (bottom) of 60.
Preliminary experiments on using the fac-isomer as a metallo-ligand in the 
assembly have been attempted. No discemable or conclusive evidence has been produced 
employing AgPF6 to link the comer pieces together into a highly symmetric cube. Slight 
chemical shifts and a complex aromatic region in the 'H-NMR spectrum was observed, 
thus indicating some sort of higher ordered metallo-species.
Also, the symmetrical ligand 2,2’;4,4’;4” ,4” ,-quaterpyridine, 52, was reacted 
with Ru(DMSO)4Cl2 in a 3:1 ratio to generate a metallo-ligand capable of generating a 
3-D network. A preliminary X-ray structure of this new metallo-ligand, 61, was obtained 
and is shown in Figure 7.26.
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Figure 7.26. The cationic portion of 61.
Reactions of 61 with various bridging groups have resulted in no identifiable 
species. Preliminary data shows a shift in the chemical shift of the hydrogen atoms in the 
1 H-NMR spectrum, but no conclusions can be made from this data.
7.3 Conclusions and Future Work
The syntheses of two new coordination polymers with the asymmetric ligand 48 
and 2-D and 3-D networks have been achieved using the symmetric ligand 49. Also, the 
ability to separate the ybc-isomer of a Ru(II) complex from a mixture of both geometrical 
isomers involving 50 was successfully accomplished. Unfortunately, no concrete 
evidence, NMR, ESI-MS, or X-ray crystallography, could be obtained to prove the
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formation of some higher ordered complexes involving either the labile Fe(II) or inert 
Ru(II). Table 7.1 gives a summary of the bond distances for all of the coordination 
complexes.
Table 7.1. Bond Distances in 53-57
Bond Distances (A)
53 54 55 56 57
M-N
Bonds
M-N 2.639(2) 2.447(6) 2.420(5) 2.410(5) 2.390(3)
(Ligand) 2.327(2) 2.312(6) 2.331(6) 2.410(5) 2.404(3)
2.344(2) 2.343(6) 2.265(5) 2.216(5) 2.355(3)
2.335(8) 2.192(5) 2.216(5) 2.411(3)
2.244(5) 2.192(5)
2.389(6)
2.341(6)
2.209(6)
2 .2 0 0 (6 )
M-N 2.203(2) 2.455(3)
(solvent)
M-0
Bonds
M-0
(anion)
M-0
(water)
2.410(10)
2.386(7)
2.357(6)
2.499(8)
2.672(6)
2.504(7)
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Future work in this area, involves the generation of some coordination complexes 
involving Ag(I) with other asymmetric or symmetric ligands, 50, 51, or 52 and the ability 
to grow X-ray quality crystals. Also, to obtain some concrete evidence to prove the 
generation of the potential molecular cube involving the fac-isomer of a Ru(ll) terpy 
complex with some bridging metal atom or complex.
7.4 Experimental
7.4.1 General Comments
2-Chloro-4-cyanopyridine was purchased from General Intermediates of Canada 
and used as received.
7.4.2 Mass Spectrometry
The ESI-MS were performed on a Micromass LCT-Electrospray Ionization Time- 
of-Flight Mass Spectrometer by Dr. Shuangquan Zhang.
7.4.3 General X-ray Comments
Compound 53 crystallizes in the orthorhombic centrosymmetric space group Pbca 
(no. 61) with Z = 8 . All non-hydrogen atoms were refined anisotropically and there were
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no restraints applied to the data. Each formula unit contained one metal, one anion, one 
molecule of acetonitrile, and one molecule of 48.
Compound 54 crystallizes in the monoclinic non-centrosymmetric space group Pc 
(no. 7) with Z = 4. All non-hydrogen atoms were refined anisotropically and there were 
no restraints applied to the data. Each formula unit contained four metals, four anions, 
and three molecules of 48.
Compound 55 crystallizes in the monoclinic centrosymmetric space group C2/c 
(no. 15) with Z = 8 . All non-hydrogen atoms were refined anisotropically and one of the 
BF4 anions was modeled using the SAME command. The hydrogen atoms of the free 
water molecule were not found. The hydrogen atoms on the coordinated water molecule 
were found at a non-ideal location. Each formula unit contained one and a half metal ions, 
one and a half anions, two FEO molecules, and one molecule of 49.
Compound 56 crystallizes in the tetragonal centrosymmetric space group P434i2 
(no. 96) with Z = 4. All non-hydrogen atoms were refined anisotropically and there were 
no restraints applied to the data. Each formula unit contained one metal, half of an anion, 
one MeNCE molecule, and one half of a molecule of 49.
Compound 57 crystallizes in the monoclinic centrosymmetric space group P 2\h i 
(no. 14) with Z = 4. All non-hydrogen atoms were refined anisotropically and there were 
no restraints applied to the data. Each formula unit contained one metal, one anion, one 
MeCN molecule, and one molecule of 49.
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7.4.4 Synthesis of 2-(2-Pyridyl)pyrazine (48)
To a stirring a solution of 2-chloropyrazine (0.194 g, 1.69 mmol) in dry, degassed 
toluene (20 mL) in a Schlenk flask was added a 6  mol percentage of PdCl2(PPh3 )2 (0.071 
g, 1.02 x 10' 1 mmol) under N2. This mixture was stirred for 5 minutes. Finally, to this 
mixture was added 2-tributylstannylpyridine (0.750 g, 2.03 mmol) via syringe and the 
reaction was stirred at reflux for 3 days. The product was extracted with 2 M HC1 (2 x 
100 mL). The combined acid layers were made basic (pH= 9) with 5 M NaOH and the 
product was extracted with CH2CI2 (4 x 80 mL). The combined CH2CI2 layers were dried 
with MgS04 and the CH2C12 was removed by rotary evaporation. The product was 
purified by column chromatography (SiOo, CfLCL / 10% MeOH), Rf = 0.65). The 
product was collected as an off-white microcrystalline solid. Yield: 0.190 g (60%). ]H-
NMR (8 , ppm, CDCI3): 9.63 (m, H6 0, 8.72 (d, 3J6_5 = 4.6 Hz, H6), 8.65 (s, H3 ), 8.60 (d, 
3J3.4 = 7.8 Hz, H3), 8.35 (d, V 6’ = 4.9 Hz, Hv), 7.86 (pseudot, 3J4 . 3 = 3J4 -5 = 7.8 Hz, H4), 
7.36 (m, H5).
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7.4.5 Synthesis of 2,2’-Bipyrazine (49)
This ligand has been previously prepared. 168 In the same reaction as 
2-(2-pyridyl)pyrazine, a small amount of the homo-coupled product was obtained. The 
product was purified by column chromatography (SiCT, CH2CI2 / 10% MeOH), Rt = 
0.25). The product was collected as an off-white microcrystalline solid. Yield: 0.079 g 
(25%). 1 H-NMR (5, ppm, CDCI3): 9.58 (m, H6, H6>), 8.65 (s, H3, H3-), 8.59 (d, 3J5-6 = 
3J5’-6- = 7.9 Hz, H5, H5).
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7.4.6 Synthesis of 2,2’ ;4’,4’ ’ -terpy ridine (50)
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This compound has been previously synthesized. 169 In a modified preparation, 
2-(pyridyl)acylpyridinium iodide170 (0.8 g, 2.47mmol), 4-pyridinecarbaldehyde171 (0.33 
g, 2.47 mmol), and ammonium acetate (1.0 g, 17.35 mmol) were combined in a round 
bottom flask with methanol (50 mL), following a Krohnke reaction. 172 The mixture was 
stirred at reflux for 24 hours. The reaction was cooled at room temperature and the 
methanol was removed by rotary evaporation. The crude product was purified by column 
chromatography (alumina, 2:1 CHCfvhexanes, Rf = 0.60). The product was collected as 
an off-white solid. Yield: 0.500 g (87%). ’H-NMR (§, ppm, CDCI3): 8.75 (d, 3J6’_5' = 4.2 
Hz, H6-), 8.72 (dd, V - 5” = 'V - 3” = 4.4 Hz, 4Jr >_3” = 2.9 Hz, H2”,H6 -), 8 . 6 8  (m, H6, Hr ), 
8.44 (d, 3J3-4 = 7.8 Hz, H3), 7.81 (dt, 3J4-3 = 7.8 Hz, 4J4_5 = 1.7 Hz, H4), 7.61 (dd, 3J5”_6” = 
3J3-.2>- = 4.4 Hz, 4J5”-3” = 1.5 Hz, H3”, H5 -), 7.51 (dd, 3J5^ 6’ = 4.2 Hz, 4JV-3’ = 1.7 Hz, H5 ), 
7.31 (m, H5).
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7.4.7 Synthesis of 4-Cy ano-2,29-hipy ridine (51)
To a stirring a solution of 2-chloro-4-cyanopyridine (0.500 g, 3.61 mmol) in dry, 
degassed toluene (20 mL) in a Schlenk flask was added a 6  mol percentage of 
PdCL(PPh3)2  (0.152 g, 2.16 x 1 0 " 1 mmol) under N?. This mixture was stirred for 5 
minutes. Finally, to this mixture was added 2-tributylstannylpyridine (1.59 g, 4.33 mmol) 
via syringe and the reaction was stirred at reflux for 3 days. The product was extracted 
with 2 M HC1 (2 x 100 mL). The combined acid layers were basified to pH= 9 with 5 M 
NaOH and the product extracted with CFLCL (4 x 80 mL). The combined CFLCL layers 
were dried with M gS04 and the CFLCL was removed by rotary evaporation. The product 
was purified by column chromatography (Si02, CFLCL, Rf = 0.50). The product was 
collected as a white microcrystalline solid. Yield: 0.510 g (78%). 'H-NMR (8 , ppm, 
CDCL): 8.77 (d, V .v  = 4.9 Hz, H6>), 8.65 (m, H6, H3>), 8.37 (d, 3J3.4 = 7.8 Hz, H3), 7.79 
(pseudot, 3J4-5 = 3J4-3 = 7.8 Hz, H4), 7.46 (d, 3J5’_6’ = 4.9 Hz, Hr ), 7.32 (m, H5).
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7A8 Synthesis of 2,2 ’ ;4,49 ;49 9,4 ’9 ’-quaterpyridine (52)
177This is a previously prepared compound. ' In a modified preparation, 
4,4’-bipyridine (l.Og, 6.4mmol) and 10% Pd/C (0.200 g) were combined in thick walled 
tube under vacuum. The tube was sealed and placed in a tube furnace at 200°C for 7 days. 
The tube was cracked open and the mixture was removed and placed in an Erlenmeyer 
flask. The mixture was dissolved in CHC13 (100 mL) and filtered to removed the catalyst 
and dried. The CHCI3 was removed by rotary evaporation. The remaining solid was 
recrystallized from acetone (3 x 50 mL) and collected as a white solid. Yield 0.62 g (62 
%). 'H-NMR (8, ppm, CDCI3): 8.81 (d, 3J6-5 = 5.1 Hz, H6,), 8.75 (m, H3, H6S H2”), 7.66 
(dd, 3J3”_2” = = 4.5 Hz, 4J3~_5.. = 2.9 Hz, H r ,  H5->), 7.59 (dd, 3J5„6 = 5.1 Hz, 4J5_3 =
1.7 Hz, H5, Hr).
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7.4.9 Synthesis of {[Ag(2-(2-pyridyl)py razine)(MeCN)] [BF4]}„
(53)
One equivalent of 2-(2-pyridyl)pyrazine (10.0 mg, 6.37 x 102 mmol) and one 
equivalent of silver tetrafluoroborate (12.4 mg, 6.36 x 10“ mmol) were dissolved in 
MeCN (2 mL). The mixture was stirred for 5 minutes. The product precipitated upon the 
addition of 'Pr20  as a white solid. Colourless block X-ray quality crystals were obtained 
by slow evaporation of the MeCN solution over a period of 48 hours. Crystalline material 
was isolated by decantation. Yields depended upon the stage at which the crystallization 
process was interrupted; usually when sufficiently sized X-ray quality crystals could be 
isolated. The yield is essentially quantitative if the crystallization process was not 
interrupted.
Table 7.2. Crystal Data and Details of Structure Solution and Refinement for
53
Formula CnHioAgBF4N4 Collection Temp [K] 293(2)
Formula Weight 392.91 Pealed [gem"’] 1.948
Crystal System Orthorhombic ft (M okcx) [m m 1] 1.548
Space Group Pbca Min/max trans 08331/1.0000
a [A] 13.1528(8) Unique data 19573
h{  A] 8.6493(5) R(int) 0.0163
c [A] 23.5517(14) R1 [I >2oI] 0.0241
a[°] 90 R1 [all data] 0.0254
p n 90 wR2 [I >2gI] 0.0658
rn 90 wR2 [all data] 0.0674
v  [A3] 2679.3(3) Data/variables 2355/190
z 8 Goodness-of-fit 1.070
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7.4.10 Synthesis of {[Ag4(2-(2-pyridyl)pyrazine)3][OTfl4}n (54)
Two equivalents of 2-(2-pyridyl)pyrazine (10.0 mg, 6.37 x 10 2 mmol) and one 
equivalents of silver trifluoromethanesulfonate (8.2 mg, 3.19 x 10 2 mmol) were dissolved 
in MeN02 (2 mL). The mixture was stirred for 5 minutes. The product precipitated upon 
the addition of 'Pr20  as a white solid. Colourless block X-ray quality crystals were 
obtained by slow evaporation of the MeNCF solution over a period of 48 hours. 
Crystalline material was isolated by decantation. Yields depended upon the stage at which 
the crystallization process was interrupted; usually when sufficiently sized X-ray quality 
crystals could be isolated. The yield is essentially quantitative if the crystallization 
process was not interrupted.
Table 7.3. Crystal Data and Details of Structure Solution and Refinement for
54
Formula C i5.5H10.5Ag2F6N4.5O6S2 Collection Temp [K] 293(2)
Formula Weight 749.64 Pealed [gem 1] 2 . 2 0 1
Crystal System Monoclinic F (Mokcx) [mm'!] 2.009
Space Group Pc Min/max trans 0.6323/1.0000
a[k] 10.5680(16) Unique data 17067
b [A] 12.5332(19) R(int) 0.0329
c[A ] 17.757(3) R1 [I >2(51] 0.0426
a \ ° ] 90 R1 [all data] 0.0470
m 105.898(3) wR2 [I >2oI] 0 . 1 1 0 1
y[°] 90 wR2 [all data] 0.1138
v  [A3] 2262.0(6) Data/variables 7842/649
z 4 Goodness-of-fit 1.034
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7.4.11 Synthesis of {[Ag3(2,2 ’ -bipy razine)2(H20 )] [BF4]3 • (H20 )} n
(55)
Two equivalents of 2,2’-bipyrazine (10.0 mg, 6.33 x 10“ mmol) and one 
equivalent of silver tetrafluoroborate (6.2 mg, 3.17 x 10"2 mmol) were dissolved in 
acetone (2 mL). The mixture was stirred for 5 minutes. The product precipitated upon the 
addition of 'Pr20  as a white solid. Colourless block X-ray quality crystals were obtained 
by slow evaporation of the acetone solution over a period of one week. Crystalline 
material was isolated by decantation. Yields depended upon the stage at which the 
crystallization process was interrupted; usually when sufficiently sized X-ray quality 
crystals could be isolated. The yield is essentially quantitative if the crystallization 
process was not interrupted.
Table 7.4. Crystal Data and Details of Structure Solution and Refinement for 55
Formula CgHsAgi 5B1.5F6N40 , .5 Collection Temp [K] 293(2)
Formula Weight 476.20 Pealed [gem 1] 2.348
Crystal System Monoclinic P (Motca) [nun1] 2.281
Space Group C2/c Min/max trans 0.7722/1.0000
a [A] 20.7376(19) Unique data 10401
h{ A] 12.5664(12) R(int) 0.0278
c [A] 10.3626(10) R1 [I >2al] 0.0512
«[°] 90 R1 [all data] 0.0557
J3[°] 93.880(2) wR2 [I >2oI] 0.1345
n°] 90 wR2 [all data] 0.1382
v  [A3] 2694.3(4) Data/variables 2370/208
z 8 Goodness-of-fit 1.086
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7.4.12 Synthesis of {[Ag(2,2’ -bipyrazine)][BF4] • (M eN 02)2}n (56)
9
One equivalent of 2,2’-bipyrazine (10.0 mg, 6.33 x 10 " mmol) and one equivalent 
of silver tetrafluoroborate (12.3 mg, 6.33 x 10'2 mmol) were dissolved in M eN02 (2 mL). 
The mixture was stirred for 5 minutes. The product precipitated upon the addition of 
!Pr2Q as a white solid. Colourless block X-ray quality crystals were obtained by slow 
evaporation of the MeN02 solution over a period of 24 hours. Crystalline material was 
isolated by decantation. Yields depended upon the stage at which the crystallization 
process was interrupted; usually when sufficiently sized X-ray quality crystals could be 
isolated. The yield is essentially quantitative if the crystallization process was not 
interrupted.
Table 7.5. Crystal Data and Details of Structure Solution and Refinement for
56
Formula C i oH 12 AgBp4Nft04 Collection Temp [K] 293(2)
Formula Weight 474.94 P ea led  [gem *] 1.759
Crystal System Tetragonal p (Mok«) [mm 1] 1.192
Space Group P434 j2 Min/max trans 0.8499/1.0000
a [A] 11.3720(6) Unique data 14151
b [  A] 11.3720(6) R(int) 0.0127
c[A] 13.8663(13) R1 [I >2cl] 0.0438
a n 90 R1 [all data] 0.0444
p n 90 wR2 [I >2al] 0.1191
r i ° l 90 wR2 [all data] 0.1198
v  [A3] 1793.2(2) Data/variables 1584/119
z 4 Goodness-of-fit 1.177
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
226
7-4.13 Synthesis of {[Ag(292?»Mpyrazine)(MeCN)][BF4]}n (57)
One equivalent of 2,2’-bipyrazine (10.0 mg, 6.33 x 10“2 mmol) and one equivalent 
of silver tetrafluoroborate (12.3 mg, 6.33 x 10 2 mmol) were dissolved in MeCN (2 mL). 
The mixture was stirred for 5 minutes. The product precipitated upon the addition of 
'Pr20  as a white solid. Colourless block X-ray quality crystals were obtained by slow 
evaporation of the MeCN solution over a period of 72 hours. Crystalline material was 
isolated by decantation. Yields depended upon the stage at which the crystallization 
process was interrupted; usually when sufficiently sized X-ray quality crystals could be 
isolated. The yield is essentially quantitative if the crystallization process was not 
interrupted.
Table 7.6. Crystal Data and Details of Structure Solution and Refinement for
57
Formula C10H9AgBF4N5 Collection Temp [K] 293(2)
Formula Weight 393.90 Pealed  [gem"’] 1.917
Crystal System Monoclinic ft (MoK«) [m m 1] 1.521
Space Group P2\/n Min/max trans 0.9185/1.0000
a [A] 7.3309(8) Unique data 10676
b[  A] 18.4685(19) R(int) 0.0136
c [A] 10.2567(11) R1 [I >2oI] 0.0350
a[°] 90 R1 [all data] 0.0363
m 100.635(2) wR2 [I >2al] 0.0844
rt°] 90 wR2 [all data] 0.0852
v  [A3] 1364.8(3) Data/variables 2390/190
z 4 Goodness-of-fit 1.106
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7.4.14 Synthesis of
{{fac- and mer- Fe(4-cyano-2,2’ -bipy ridine)3][BF4]2} (58)
Three equivalents of 4-cyano-2,2’-bipyridine (100.0 mg, 5.52 x 10"1 mmol) and 
one equivalent of [Fe(FLO)6][BF4]2 (62.2 mg, 1.84 x 10'1 mmol) were dissolved in MeCN 
(10 mL). The mixture was stirred for 2 hours and then Et20  (60 mL) was added to 
precipitate the complex and the product was collected by vacuum filtration as a purple 
solid and was recrystallized from MeCN/Et20  (5 mL/50 mL). Yield: 110 mg (77%). ESI- 
MS: [M-BF4]+ calculated 686.1298, experimental 686.1268 (-4.4 ppm). JH-NMR (5, 
ppm, CD3CN): 8.93-8.76 (m, H3), 8.58 (m, H3>), 8.37-8.15 (m, H6), 7.91-7.62 (m, H6-, 
H4), 7.56-7.27 (m, H5, H5).
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7.4.15 Synthesis of
{\fac- and mer-Fe(2,2,;4,,4,,-terpyridine)3][BF4]2} (59)
Three equivalents of 2,2’;4’,4” -terpyridine (100.0 mg, 4.29 x 10'1 mmol) and one 
equivalent of [Fe(H20)6][BF4]2 (48.2 mg, 1.43 x IQ'1 mmol) were dissolved in MeCN (10 
mL). The mixture was stirred for 2 hours and then Et20  (60 mL) was added to precipitate 
the complex and the product was collected by vacuum filtration as a purple solid and was 
recrystallized from MeCN/Et20  (5 mL/50 mL). Yield 121 mg (92%). ]H-NMR (8 , ppm, 
CD3N 02): 9.03 (m, H3), 8.88 (m, H6), 8.83 (m, H2 % He-), 8.80 (m, H6>), 8.22 (m, H4),
8.07 (m, Hr), 7.97 (m, H3-, H y), 7.82-7.52 (m, H5, Hv).
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
229
7.4.16 Synthesis of
{[fac- and mer-Ru(2,2’;4’,4’’-terpyridine)3][PF6]2} (60)
Three equivalents of 2,2’ ;4’ ,4” -terpyridine (100.0 mg, 4.29 x 10"’ mmol) and one 
equivalent of Ru(DMSO)4Cl2 174 (69.3 mg, 1.43 x 10~! mmol) were dissolved in ethylene 
glycol (3 mL) and the mixture was refluxed for 3 hours. The mixture was allowed to cool 
to room temperature and was diluted with MeOH (3 mL). To this mixture was added a 
saturated methanol solution of NH4PF6 (-90 mg in 5 mL). The mixture was filtered 
through a bed of Celite and the trapped product was extracted with MeCN (30 mL). The 
product was precipitated with Et20  (100 mL) and collected by vacuum filtration as a deep 
red solid. Yield 127 mg (81%). *H-NMR ( 8  , ppm, CD3N 02): 9.06 (m, H3), 8.99 (m, H2”, 
H6”), 8.82 (m, H3’), 8.50 (m, H3 % H y), 8.27 (m, H6), 8.18 (m, H6), 8.05-7.89 (m, Hs, 
H5 ), 7.57 (m, H4).
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7.4.17 Separation of
{\fac- and mer-Ru(2,2, ;4,,4,,-terpyridine)3][PF6]2} (60)
A small quantity of a mixture of the geometrical isomers isolated from the crude 
reaction, \fac- and raer-Ru(2,2’;4 \4 ” -terpyridine)3][PF6]2 (50 mg) was dissolved in a 1:1 
mixture of DMF:H20  (10 mL). This mixture was adsorbed on a preparative silica TLC 
sheet and placed in a developing tank with the eluent (1:1 DMF:H20). Once the solvent 
had diffused to the top of the sheet, it was removed and allowed to dry overnight. There 
were three bands present on the sheet; the first (Rf = 0.95) was yellow in colour and was 
determined to be Ru(DMSO)4C12, the second band (Rf = 0.75), which was deep red in 
colour was the mer-isomer, and finally the last band (Rf = 0.20), which was deep red in 
colour was determined to be the fac-isomer. The appropriate bands were removed from 
the plate and were dissolved in CH2C12 and stirred overnight. The solvent was removed 
by rotary evaporation and the products were isolated as deep red solids. Yields: mer- 
isomer (35 mg, 70 %) and the /ac-isomer (10 mg, 20 %). ESI-MS: [M-PF6]+ calculated 
946.1544, experimental 946.1534 (-1.1 ppm)./ac-isomer: ’H-NMR (S , ppm, CD2 CL): 
9.48 (m, H3, H3>), 8.77 (m, H2 % H ^), 8.69 (m, H v, H5-), 8.14 (broad, H6, HgO. 7.70 (m, 
H5), 7.56 (m, H5 ), 7.19 (broad, H4). mer-isomer: *H-NMR (8 , ppm, (CD3)2CO): 9.31 (m, 
H3, H2",H6 >), 8.73 (m, Hr , ITr, H5”), 8.66 (m, H6, H6>), 7.52-7.24 (m, H5, H5’, H4).
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7.4.18 Synthesis of {[Ru(2,2 ’;4 ’ ,4 ’;4 ” ,4 ’ ” -quaterpy ridine)3] [PF6]2}
(61)
Three equivalents of 2,2’;4’,4’;4” ,4’’’-quaterpyridine (100.0 mg, 3.22 x 10 1 
mmol) and one equivalent of Ru(DMS O LCL174 (52.1 mg, 1.07 x 10' 1 mmol) were 
dissolved in ethylene glycol (3 mL) and the mixture was refluxed for 6  hours. The 
mixture was allowed to cool to room temperature and was diluted with MeOH (3 mL). To 
this mixture was added a saturated methanol solution of NH4PF6 (-90 mg in 5 mL). The 
mixture was filtered through a bed of Celite and the trapped product was extracted with 
MeCN (30 mL). The product was precipitated with Et2 0  (100 mL) and collected by 
vacuum filtration as a deep red solid. Yield 120 mg (84%). ESI-MS: [M-PFg]+ calculated 
1177.2341, experimental 1177.2306 (-2.9 ppm). 'H-NMR (8 , ppm, CD3CN): 8.99 (d, 3J6-5 
= 5.1 Hz, H6), 8.92 (d, 3J3.5 = 2.4 Hz H3), 8.85 (dd, 3Jr ~3' = 5.6 Hz, 4J2’-6’ = 1.4 Hz, H2>, 
H6 ), 8.41 (dd, 3J3'-2’= 5.6 Hz, 4J3._5. = 1.4 Hz, Hr , H5), 7.95 (dd, 3J5.6 = 5.1 Hz, 4J5.3 = 2.4 
Hz).
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